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I. -,r:v ot ,tect throuqh dii scovery of Na 2 KSb[Cs]

"",' 'wht-n I1. HertzI made the original discovery of
1 1 1 ! o• e r neme nhi thIe y were qone ra I Ily rea rded as laboratory

•r , : ., -;J.in ti-,t in the un(derstandinq of solid state
. , i, , little ractical value. However, in 1929

. i.�l ,t wi'1. R. Campbell 3 discovered that a combination
A I :+ .'.• ',iUin, ind oxy'oen had sufficient photoemission for

;+, 'lic.,itions. After 1929, applications spurred a search
St.,,thcide iiatrials, hut lack of understanding of the

>,, PrOCeS's and of solid state physics, made the search
. -, "-i . one of trial and error. 4

In 1916',erlih found Cs 3 Sb to be an excellent photocathode,
d:f 1: 1 1 lCd t-0 Subsoquent investigation of the photoemission of

')t h•.r IkIl i ma.nt imonide materials. Discovery of the photoemission
roJI.+ rt Lu- u• ,'IKSh occurred accidentally in 1955 when A. Sommer 6

,: .-; :::,oestitinq the photoemission of Li 2 Sb. The Li sources used
18 that w ortk w ,re contiminated with K and Na which were released
fron th,2 m'arporation source at lower temperatures than was Li.

Thtb resultinq films were formed of Na, K and Sb, and Li was not a
i'onstituent. These Na 2 KSb films demonstrated very high quantum
t-ff'ichency from the near ultra-violet through the near infrared
reqion of the electromagnetic wave spectrum. (Quantum efficiency
is defined as electrons emitted/incident photon.)

Thu discovery of Na 2 KSb showed that a bi-alkali antimonide
photocathode could have greater photoemission than a mono-alkali
antimonide photocathode. Cs was then added to Na 2 KSb to determine
whether a tri-alkaline antimonide material would be even better. 7

The addition of Cs extended the useful response of the photocathode
to lower photon energies.

From analysis of the photocathode materials found by trial
and error, and from a knowledge of semiconductor physics, has come
an understanding of factors affecting the spectral yield of a
material. Some of these factors are discussed in Section 1.2.

2. Factors affecting photoenission from semiconductors

Photoemission is a process in which electrons are ejected from
a material due to absorption of incident electromagnetic radiation.
Por this discussion only those electromagnetic waves with wave-
lenqths from 2200 - 13000 A, including the near ultra-violet,
visible, and near infrared regions of the electromagnetic spectrum
and corresponding to photon energies from 5.50 --0.95 eV will be
considered.

Electrons associated with an atom can only occupy fixed energy
states, and can absorb energy only in amounts equal to the difference
between allowed states. Due to the earlier restriction on photon
onerlies (0.95 - 5.50 eV) only the highest lying electron energy
states in semiconductor materials, called the valence band (filled)

Best Aailabl Copy . . . .



and conduction band (unfilled) and separated by a gap of unallowed
states, are of interest in this discussion. An energy level diagram
for an ideal semiconductor at 00 K is shown in Fig. 1. For the semi-
conductor represented, photoexcitation, hence optical absorption,
could occur only for photon energies, hv , EG-

Not all incident light is absorbed by the first monolayer of
atoms at the surface of a material. Frohlich and Sack 8 have pre-
sented a theoretical argument that the surface monolayer could
absorb no more than 10% of the incident radiation, and experimental
evidence indicates the absorption is < 10%.9 For this reason
photoemission from the bulk is important for high quantum yield.

Following absorption of a photon an electron excited in the
bulk may diffuse in the direction of the surface, and energy losses
may occur during diffusion. These energy losses are due to colli-
sions with the crystal lattice and/or with other electrons.

The loss per event for electron-lattice collisions is low
(0.02 - 0.03 eV), and both Burtonl 0 studying Cs 3 Sb and DekkerlI
studying MgO concludgd that the average escape depth for photo-
electrons was - 250 A when only electron-lattice collisions
contributed to energy losses during diffusion.

For electron-electron collisions both collision partners
must emerge with sufficient energy to exist in allowed conduction
band states. Thus the excited electron must possess energy

Ev + 2 EG for electron-electron collisions to occur. If such
collisions are possible the minimum loss per event would be EG
and the mean free path between events is short, 15 - 100 X.

After diffusion to the surface an excited electron must over-
come the surface barrier, called the electron affinity (EA), in
order to escape from the material. The ratio of EA to EG for a
material can be significant regarding the energy losses suffered
during diffusion of an-excited electron. Consider the two semi-
conductors represented by the electron energy band diagrams shown
in Fig. 2. The similarities and differences between the two
examples shown in Fig. 2 are listed in the table below.

Example I Example II

EA + EG E A + EG

A E > E ~E<
A G A G

hvI - hv 1

In Example I an electron excited by a photon of energy, c mhvl
could collide with another valence band electron providing both
collision partners with sufficient energy-to be eonduction band
electrons# but not enough to be omitted as photoelectrons. In
Example II electron-electron collisions could not occur for
r = hv1 because both collision partners could not be raised to



allowed enerly states. Photoelectrons in Example I material would
be subject to larger energy losses and a shorter mean free path
than photoelectrons in an Example I1 material. Thus higher quantum
yioeld would be expected from materials where EA EG.

Consider the two semiconductor materials represented by the
electron energy band diagrams shown in Fig. 3. Crystal defects,
due either to impurity atoms or lattice imperfections, can result
in electron energy states in the forbidden gap creating "p" and
"n" type materials with the Fermi level moved in close proximity
to the valence band edge or conduction band edge respectively.
Surface states at the vacuum interface can create the ban 3 bendinq
shown with the Fermi level pinned at the surface. Spicer has
pointed out that "p" type material. with a band bending depth, d,
much less than the escape depth of the electrons (as shown in
Example I of Fig. 3) would create a favorable situation for
photoemission. Tn such a case the effective electron affinity,
EAeff, would be less than the actual electron affinity. This
would extend the threshold for photoemission to lower photon
energies. In the case of "n" type material band bending would
increase the effective electron affinity (as shown in Example II
of Fig. 3) and would be detrimental to photoemission. For "p"
type material, if the band bending depth was greater than the
escape depth of the electrons then the effective electron affinity
would equal the actual electron affinity and there would be no
enhancement of photoemission due to the band bending.

The intensity, I(x), of light at a distance, x, into a material
of uniform absorption is given by the expressions, I(x) - Ioe-x
(1o = intensity incident at the surface, a = absorption constant

of the material). For high quantum yield the incident light should
be absorbed in a distance comparable to the escape depth of the
photoelectrons. An escape depth of 250 R would require an absorption
coefficient of 1 x 106. 6In semiconductor materials absorption
coefficients of - 1 x 10 are associated only with interband
transitions.9 Electron energy states in the forbidden gap due to
crystal defects can result in photoemission at a lower threshold
than emission from valence band states, but generally the quantum
yield of such emission is below the level of practical application.

3. Comparison of Na2 KSb[Cs] with new generation photocathodes

Spectral yield curves for typical Na2 KSb(Cs) photocathodes
reported by Sommer in 1968 are shown as Curves A and B of Fig. 4.
Note there is a wide variation in response in the threshold region.
Control of the photocathode sensitivity in the threshold region is
critical for most applications, and is the most difficult problem
in commercial produgtion. The spectral yield curve for Na2 KSb(Cs)
reported by Spicer14 in 1958 is shown as Curve C in Fig. 4. and
was used as a standard in these studies. The difference between
Curve C and Curves A and B probably stems from the steady increase
in sensitivity achieved with Na2KSb(Ce) photocathodes as commercial
producers have gained experience with their formation,

CoPY



In rucent years therv has evolved a new generation of photo-
cathode materials 1,erivt-d from knowledqe of the photoemission process
and the electronic structure of semiconductor materials. Prominent
in this new teneration are the GaAs-Cs-O and Si-Cs-O photocathodes.
A comparison is made in Fiq. 5 of the spectral yield curves for
GaAs-Cs-f) ren)orted by Klein] 5 (Curve D), Si-Cs-O reported by
Martinell'l' (Curve E), and the typical response curves for
Na 2 KSb(Cs) (Curves A and B) repeated from Fig. 4. Note the spectral
yields from the new generation of photocathodes are superior to
those from Na 2 KSb(Cs) photocathodes, but the latter remain com-
petitive because the lifetimes1 7 of the new generation materials
have been significantly shorter and the thermal nosie greater.18

In the literature the terms S-20, tri-alkaline antimonide,
multi-alkaline antimonide, and Na 2 KSb(Cs) are used interchangeably.
Only the last designation will be used in this report.

4. Related research

Technical difficulties have hampered research efforts concerning
Na 2 KSb(Cs) photocathodes. Both alkali metals and the alkali anti-
monide compounds are highly reactive with oxygen and water in the
air, and alkali antimonide films must be formed and stored under
hiqh vacuum conditions. In commercial formation of Na 2 KSb(Cs)
photocathodes the vaccum tube that will contain the photocathode
film is degassed at 300-4500 C before the film is deposited. During
formation the vacuum tube is heated to 160-220*C, and the very
reactive alkali vapors are present in the tube at that time. The
chemical activity of the constituents and the need for heating in
the processing and formation have hindered or precluded the
inclusion of analytical apparatus in a vacuum tube with a Na 2 KSb(Cs)
film. There also has been a lack of success of formation of high

sensitivity photocathodes in anything other than a standard photo-
cathode tube assembly, 1 8 and such tube assemblies have limited
space and accessibility for analytical instruments. The equipment
necessary for deposition and analysis of alkali antimonide materials
is complex and expensive. As a semiconductor for general use in
the electronics field, Na2KSb(Cs) offers no advantage over other
mere easily handled materials. With rare exception only users
and/or manufacturers of photocathodes have deemed it worthwhile
to overcome the technical difficulties listed above and have
investigated the properties of Na 2 KSb(Cs) and the other alkali
antimonide materials.

From previous investigations by others much information
concerning Na2KSb(Cs) has been obtained. Electron energy band
diagrams for Na 2 KSb and Na 2 KSb(Cs) are shown in Fig. 6, with values
of EA and EG from the reports of Spicer14 and Jeanes. 2 0  Note
that EA(0. 4 5 - 0.55) < EG(l.0).

Note also in Fig. 6 that the energy gap for both Na2 KSb and
Na 2 KSb(Cs) is 1.0 eV. This similarity in EG supported an early
model of the Na2KSb(Cs) photocathode as a bulk of Na 2 KSb and an
overlayer of Cs. Experiments by McCarroll 2l however, have

4
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produced evidence that Cs is present in the bulk, and the exact
nature of the role of Cs in the Na2KSb(Cs) photocathode remains
a question. In any case, the amount of Cs included in the photo-
ca1thodt- is very small.

A diagram of the phases present in the Na2KSb system reported
by McCarroll22 is shown in Fig. 7. The stoichiometry allowing a
completely cubic s'tructure is narrowly defined around the Na2KSb
formula. This cuhic phase has been identified by McCarrol and
S~mun23 as b .ng much more photosensitive than a hexagonal phase
with the sLme constituents. The cubic phase also demonstrates two
other ctiaracteristics that distinguish it from the hexagonal
pnases. First, tle conductivity of the cubic phase is "p" type
du.e t3 a f'to_,:hiometric ex,;ess of Sb. Snmaii additions of Sb in-
creý.sc. the conduictivity, La.d small odditions of alkali reduce the
'conductivit~y. 6

The conductivity ot the hexaconal phase is "n" type. 24Sommer 2
reports that in production of Na2XSb photocathodes there is a re-
versal ot t)he polarity 3f conduction form "'n" to "p" t ype q a bc.t
the moment of maximum photosensitivity. Second, ?4cCarroll"4 reports
that the cubic phases of all thle d.tkali antimonide materials are
more densely packed than tfie hexagonal phases. Note in Fig. 6
that there is a choice in the eneigy 6'and diagram for Na2KSb(Cs).
Two possibilities are inclQed because it is not possible to
experimentally7 distinquish between real and effective electron
affinities. Arqumept-n ,upportir~q band bending and a reduction
of the effective electron aifinilty (Fig. 6B) as ttL- source of the
photoegiission properties of Ha2K~b(Cj) are besad on the' '"p" type
conductivity of this material and f-he discussion ir section 1.2.
Arguments supporting a reduced real electron AfLinity as the sour,,:
of the photopem..snion prnperties of tNa-KSb'(Cs) are based on the
observation that for-electron emitt~ng semiconductors low electrto
affinity values are as~oci~ted only with cubic phase materials.
Howevort there is a reductior. of -0.5 eV in the measured value ok
EA betw~en Na2KSb and NaXW~bCs), and there is no change in phase.
Thus the electron energy band diagram for- :..aKSb(Cs) shown in Fiy.
'6B is more probable.

teAlso note in Fig. 6 that ErG + PA 1.45 1 .51. eV, placina
tethreshold for photoemission from.Na2KSb(C3) in the near infrared

region of the electromagnetic spectrum, a region of interest forI ~many applications.
Apossiole role for oxygen in the formation of Na2KSb(Cs)

photocathodes has been cons 4 dered, 22 xidation of the same alkali
antimonide materials (Ca3Sb ,K2Cs b oes increase the red
response of these materials. Also there have been reports ttat
oxidation of 'some .Na2J.$b(Cs) films has increased their photo-
emission,27 but in such cases the original response was beiow
avorage. sommOO2 reports there have been no cases in the liter&-
ture whore superficial oxidation has increased the emission of a
NA2KSb(Cs) photocathode with high sensitivity.



A plot of the absorption constant of Na2 KSb(Cs) as a function
of photon energy is shown in Fig. 8. Note that for hv -' 3 eV the
absorption constant is < 1 x 1 0 and, as discussed in Section 1.2,
this would imply that not all the incident radiation is absorbed
within the escape depth of the photoelectrons.

5. Typical formation schedule for Na2 KSb(Cs) photocathode

Control of the formation of Na2KSb(Cs) photocathodes in com-
mercial production has been a problem. A common formation
schedule reported by Sommer 3 5 is as follows:

"The formation process of Na-K-Sb and Cs-Na-Sb
cathodes is much more cumbersome than that of the
monoalkali materials. The latter can be made quite
simply by introducing a stoichiometric excess of the
alkali metal and subsequently removing the excess by
baking until peak sensitivity is obtained. No corres-
ponding method is known whereby the ratios of Na to K
can be controlled in the same way as the ratio of one
aklaki metal to antimony. Therefore the following
multistep process, or a variation of it, is usually
applied.

1. Sb is evaporated, until a light transmission
drop to about 70% of the original value indicates that
the films has the desired thickness.

2. A K3Sb cathode is formed by exposing the Sb
film to K vapor at about 1600C.

3. The K3 Sb is exposed to Na vapor at about 2200C.
During this step the K in K3Sb is gradually displaced by
Na, but it has so far not been possible to stop this re-
placement process at the required 2:1 ratio of Na to K.
Therefore it is common practice to continue the intro-
duction of Na until a sharp drop in photosensitivity
indicates the presence of excess Na. At this stage the
compound can be symbolized by the formula Na>2K<1Sb.

.4. To restore the correct NatK ratio, small amounts
of Sb and K are added in alternating steps, at about
1606C, until peak sensitivity is obtained. Depending
on the amount of excess Na introduced in step 3, as many
as 50 or more Sb-K alternations may be required. This
completes the process for the formation of the two-
alkali compound Na2 KSb.

5. If the three alkali cathode is to be formed,
Sb and Cs have to be added in alternating steps, similar
to the K-Sb.process of step 4. The Cs-Sb process is also
performed at about 1600C, until peak sensitivity is
reached.

6



The whole process can be symbolized by the fol-
lowing diagram:

160 0 C 2200C
Sb + K - K Sb + Na • Na K, Sb + (K,Sb)

3 >2 <1
(1) (2) (3)

1600C 1600C

Na2KSb + Cs,Sb * Na2 KSb[Cs]

(4) (5)

Numerous modifications of these processes exist.
To give a few examples, different sequences in the
introduction of the alkali metals are possible in
which either Na or Cs, rather than K, is introduced
first. There is also considerable latitude in the
temperature used for the different steps of the pro-
cess. Further, the thickness of the original Sb film
does not appear to be very critical; this point, how-
ever, is difficult to check because the thickness of
the final cathode film depends not only on the amount
of Sb in the first deposit but also on the additions
during the alterations with alkali metal. At present
there is no convincing evidence that any particular
modification produces consistently higher sensitivity."

The alternations in the formation process described by Sommer
above are often referred to as "yo-yo" processing. Details of
the formation schedules used by the producers of Na2KSb(Cs)
photocathodes have been kept secret because the formation process
is not under complete control. Commercial processors have advised
that their control of the formation process and the photosensitivity
of their product have both improved with experience. Production
methods that work have been learned through considerable time,
"experiment, and expense, and such information is considered pro-

* prietary as a result.

6. Motivation for these studies

In recent years Auger electron spectroscopy (AES) has pro-
4 vided an analytical technique to determine the atomic species

present in the top few atomic layers of a material. AES analysis
of Na2 KSb(Cs) photocathodes held promise of providing information
on such questions as:

1) The role of Cs?
2) A-possible role for oxygen?
3) Influence of surface contamination?
4) The populations of the constituents in the surface region?
"5) Chemical changes in the rurface region associated with

photocathode fatigue?

7
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This laboratory was equipped with the necessary experimental apparat-
us, and preceding researchers had developed some experience with
alkali metals and alkali antimonide compounds. Neither AES nor
other similar techniques had been applied previously in investiga-
tions of Na 2KSb(Cs).

The Na 2 KSb(Cs) photocathode has been of economic importance
since its discovery in 1955, and it is still competitive with new
generation photocathode materials. However, the production of
Na2KSb(Cs) photocathodes is still done following several different,
unsystematic, and sometimes inconsistent schedules because the
formation process is only partly understood. Thus in these studies
AES was used to study the formation of Na 2 KSb(Cs) films with the
hope of gaining better understanding of the formation process.

II. EXPERIMENTAL APPARATUS AND TECHNIQUES

1. Vacuum system and processing

A twelve inch diameter, stainless stell belljar system by
Ultek was used as the experimental chamber. Using a specially made
stainless steel collar the chamber was connected to a 300 liter/
second sputter ion pump by Consolidated Vacuum Systems. A standard
copper gasket ring was used to seal the experimental chamber to
the collar, while a 0.020 inch diameter gold wire was crushed
between flat flanges to seal the collar to the sputter ion pump
chamber. A view of the overall system is shown in Figure 9. Rough
pumping of the system from atmospheric pressure to approximately
I x 10-3 Tort was accomplished with two Zeolite. filled sorption
pumps chilled to liquid nitorgcn temperature. Vacuum conditions
during measurements wereconsistentlyfl x 10-10 Torr. Pressure
measurements in the vacuum chamber were made with a Bayard - Alpert
type ionization guage, Model No. 715 by General Electric, and a
Granville - Phillips Model 20/006 ionization controller. A schematic
view of the experimental chamber is shown in Fiqure 10. The indivi-
dual pieces of apparatus used for deposition and analysis of the
samples are discussed in Section 11.2 and through II.5. Processing
the ultra high vacuum chamber described above consisted of an

* initial pumpdown, degassing, and leak checking. The initial pump-
S(n.n was continued for 12 - 24 hours and generally resulted in

-ssures of 3 to 7 x 10-9 Torr. The vacuum system was then degassed
via baking at 200 - 2506C for 12 - 48 hours. After cooling the
chamber pressure was normally <1 x 10-10 Torr. Regardless of the
pressure however, a leak chock Was made by immersing the entire
system in He gas and using and EAI QUAD 150A residual gas analyzer.
If no leaks were detected, deposition and analysis of a Na 2 KSb(Cs)
photocathode film was begun.

2. Substrate

Sa. anipulator assembly and substrate design

A diagram of the manipulator used to move the sample to the

.various positions in the experimental chamber is shown in Figure 11.
.'. ,8..,



Only the apparatus shown attached to the vacuum side of the flange
feedthroughs was designed and constructed for these studies. The
general purpose portion of the manipulator assembly was designed
and built by other members of the Physical Electronics Laboratory.
It provided 3600 of rotation, two tilting planes (approximately
orthogonal), and 5 centimeters of vertical motion. These motion
capabilities were more than adequate for use in these studies.

The sample films were deposited on a tantalum (Ta) substrate
fabricated of 0.010 inch thick sheet as shown in Figure 12. The
Ta piece at the end of the manipulator arm was changed for the
deposition of each sample in order to eliminate possible contami-
nation by residue left from a previous sample.

b. Positioning procedure

Critical to these studies was the ability to control positioning
of the samples relative to the incident electron beam used in AES
measurements and the incident light beam used in photoemission
measurements. Sample non-uniformities and sample changes due to
electron bombardment necessitated this positioning information.
The location of the light and electron beams were fixed relative
to the experimental chamber. Positioning the sample relative, to
these fixed beams was accomplished in the following manner. The
rotation cylinder of the sample manipulator shown in Figure 11
had a flat top and a degree of rotation indicator. The manipulator
assembly was leveled at a fixed rotation position by placing a
m'achinists level on the rotation cylinder and manipulating the
two tilting planes. The substrate was located -5.75 cm from the
axis of rotation of the manipulator, and one degree of rotation
translated into -1 mm of horizontal motion of the substrate
relative to the fixed electron and light beams. Three sets of
threaded rods and threaded sleeves were used to produce vertical
motion of the manipulator. The threadpitch of the sleeves and
rods translated into -0.9 mm of vertical motion of the substrate
per sleeve rotatimn. A zero for vertical motion was established
relative to the fixed experimental chamber. The accuracy of the
positioning system was checked by comparison of the substrate
edges as seen by AES aid photoemission measurements with the actual
dimensions of the substratc,.and by repeated measuremen*,. Consts-
tent positioning to within nmm was obtained in this manner.

At an early otage of these studies a phosphor target was
substituted for the auxiliary target on the sample manipulator.
Visual observation of the light beam size and the AES incident
electron beam size on the target indicated both were -1.5 mm.
in diameter. The size of the light beam on the target was difficult
to determine due to its orthogonal position relative to the experi-
mental chamber viewport. Confirmation of the light beam size On
the sample was obtained by tests of the optics system made indepen-
dent of the experimental chamber.

9
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c. Heating and temperature measurement

Sample temperatures were measured usingi tho ;Pt =ind Pt + IMl; Rh
thermocouple spot welded to the back of the substrate as shown in
Figures 11 and 12. The substrate was heated by passing current
through a tungsten filament which was muunted behind the substrate
and also shown in Figures 11 and 12. Before the start of sample
deposition a correlation between substrate temperature and heater
filament current was established. Subsequentliy the substrate
heater filament current was used as a measure of substrate heating.
r-rJ:tcnt tempverature readings to within 100C were obtained in this
manner. Additional substrate heating also accurred due to the
deposition chamber wall heater when the substrate was in the deposi-
tion chamber window, but this additional beating was less than 5WC
for the n(Yrmal depos-ition times used. The deposition chamber is

* discussed in Section 11.3a.

The substrate and its. heater filament: were degassed following
the vacuuim system -proce~ssnq1 and prior to sample deposition. The
degssinq process was to heat the substrate at 200WC until the
ionization gauge pressure readinq went through a mnaximnum and

ab~ilized. This Pressure stabilization -required <60 minutes and
deaqsn timlas used were -60 min~utes.

di. Sputter cleaning

A sputtering c.hamnber -and xenon gas admis sion systemn wivre
-included in, the eperimental Apparatus for three possible uses:
3.) .sputter cleanixng of the substrate between sampl~e depositions,
2) (Zleaning of-the SUbSzrate before sample deposition, and. -3)depthý
prof~ile's o f. the santpe comtponents yia AFES. All .1.three possible uses
wera tested and eventuall1y Abandoned.

ud.When sputteringj was don. th cirui hwn i n Fiqure 13 was

Sputter: cleaning of the s~tibstrate between sample depositions
to allow m~ltiple.i6Amples tO' be deposited wit..h only on-e vactium
chamber openidngdid not prqve to be-A.Practical idea. Covqlete
remOvAl of an e'xisatng' aample requited extended sputt~erinq times..
and electrjca - insula tore- throughout .the'exper~imentalI chamber
were. repe4*ýtidly shorted by-sputtered material. Much..tiMe was

* lost to opening the- vacui=-.-ryatcm atnd clcanP.-rq the~se. Insulators..,
In addition, at tho end'of: most sample -depositiunw-one or'more
constituent Sources needed to be ruplenisined, and" t-he vacuum
chamber had to ba opeiied for that reason..

14ost. use. of the .sp'utteeinwi i~apAbilityivo*fr substraite cleaning
prior to sample depositio6n; .-the: of fcts of-substrate clean-ing a re
discussed in Soction 1.11.4

Attempto to obtaint dempth profiltts of- the sample components were
also trnsuccesOful for. a(Ambor' of reasons. -Sputtoring products
contamipated the exporiuiental chamber.. The relative sputtering



rates of the constituents were not known. The xenon gas preshures
(-l x 10-3 Torr) necessitated long pumpdown periods between sput-
tering and AES analysis. Some contaminants were introduced to the
experimental chamber with the xenon gas.

The sputterii.ý capabilities in the experimental chamber were
used only early in these studies.

3. Deposition chamber and constituent sources

a. Deposition chamber

Diagrams of the chamber used for deposition of the constituents
are shown in Figures 14 and 15. This deposition chamber was fabri-
cated from 0.020 thick stainless stell sheet, and in such a manner
that the top and one side could be removed to allow replacement
of the alkali metal dispensers and reloading of the antimony
evaporator. When the constituents were deposited the substrate
was moved into the deposition chamber window.

b. Antimony source

The antimony source used was a resistively heated Ta evaporator
filled with Sb powder. A diagram of the Sb evaporator is shown
in Figure 16. it was constructed of 0.0002 inch thick Ta sheet
into which cup shaped depressions were formed with a round ended
tool. The hole in the top cup was drilled, and the two halves were
spot welded together. The top hole iLL the evaporator and the chute
directly above it in the deposition chamber served t2 channel the
bZ vapor to the deposition chamber window. Fisher's29 experier:e
with a similar Ta evaporator in his studies of Na 3Sh showed that

• such an evaporator would be suitable as an Sb source for these
studies.

The powdered Sb was obtained by crushing small crystals of
the metal with a mortar and pestle immediately prior to loading

* the evaporator. The Sb metal was obtained from the J. T. Baker
Chemical Company of Phillipsburg, Pennsylvania. Ohemical analysis
of the Sb:by the supplier is shown in Table A.

Table A
Element

Antimony 100

Iron 0. 0'2

Arsenic 0.004

Lead 0.004

Copper 0.002

TheSe concentrations of the contaminants are below the sensitivity
of ASS analysis.



Loading the Sb evaporator was more involved that might appear
on the surface. Pouring Sb powder into the evaporator until the
cup was full did not provide sufficient Sb for formaLion of samples
of the desired thickness. The procedure used to get enough Sb into
the evaporator was to pour it full and then pack the Sb with a wire
mounted on a handle. Twenty to thirty pouring and packing operations
were required to fill the evaporator.

During the loading of the Sb evaporator the deposition chamber
had to remain in approximately the orientation it would have when
mounted on the experimental chamber or the Sb powder could spill
out. A special stand was built for this purpose because the
normal stands for holding the deposition chamber flange would have
resulted in positioning orthogonal to the experimental position.
Loading the Sb evaporator would have been impossible in such a
case.

Immediately prior to the first Sb deposition the evaporator
was deqassed by passing current below the threshold for Sb
evaporation through the evaporator for 60 seconds followed by
current at the threshold level for 30 seconds.

c. Alkali metal sources

The alkali metal sources used in this study were dispenser
channels manufactures by SAES Getters, Inc. of Milan, Italy.
Diagrams of the channel cotistruction are shown in Figure 17. Such
channels are the normal means used to introduce the alkali metals
in commercial photocathode production, and SAES Getters, Inc.
does supply channels to some photocathode producers for this
purpose. Detailed information reqardinq the fabrication of the
channels was considered propt ietary and was not available from
the manutacturer for that reason. The information that was
available concerning the channels indicated the alkali metals
were probably present in chromate salts. The alkali metal was
released as a vapor by reaction of the chromate salt with a re-
ducing agent. Reducing agents used for this purpose include Si,
Al, Zr, W, and Fe. The reducing agent used In the SAES channels
was probably a combination of 841 Zr and 16% Al. Reactions in
the channels for these two reducing agents would be as follows:

r

2K 2 CrO4 + Zr -* 4K + Zr(Cr

A 3Na 2CrO4 + 2A1 - 3Ma i Al 2 (Cro4 ) 3

The chromate salts and the reducing aqenta meet a number of
requirements mandated by photocathode production. Their reaction
temperatures are greater than the maximum temperature (4500C) used
to degas vacuum tubes prior to photocathode deposition. They are
stable in atmosphere and do not absorb much water vapor. The
-eaction products, other than the alkali vapors, are minimal.

Control of current through the channels controls their temperature

12



and thereby the reaction ratie (t the chromate salt and reducing
agent.

The alkali channels did not have line-of-sight to the deposi-
tion chamber window. In order to move the alkali vapors from the
channel space in the deposition chamber to the samples, the walls
of the channel space were heated. The heater used wa.i a 0.007 inch
diameter, resistively neated tungsten wire shown in Figures 14 and
15. This heater was necessary for successful deposition of all the
alkali constituents. If the heater was not used it was not possible
to move Na to the samples. K could be moved, but only to a
limited extent. Only Cs was easily moved to the samples. The
vapor pressure curves of the alkali conistituents are shown in
Figure 18, and they explain the differences in deposition ease when
the heater was not used. When the heater was used it was no
problem to move any of the alkali constituents to the samples.
The effectiveness of the deposition chamber heater was evidenced
by examination of the residue left in the channel space following
sample formation. This examination was done while replenishing
the constituent sources when the deposition chamber was exposed
to the atmosphere. If the deposition chamber heater had been
utilized no residue was found on the walls of the channel space.
If the heater had not been used a white, crystalline residue
was found. Exposure of alkali metals to air results in formation
of white compounds such as NaOH, etc. During alkali depositions
a current of 2.1 amperes was passed through the deposition chamber
heater causing the filament to glow a dull red color.

d. Chamber and source degassinq

Before deposition of a sample the deposition chamber was
degassed by leavinq its heater operating for 20 - 48 hours, Pr'or
to each alkali deposition the heater was turned on for 5 - 10
minutes to allow the chamber walls to heat. After the first
alkali deposition on a sample this chamber warmup prior to alkali
deposition also served to remove residue from a previous alkali
deposition.

Degassing of the alkali channels was done before the. first
deposition of each alkali. The currents used for the degassinq
were different for each alkali and are shown in Table B.

Table B
Min. and Max. Deg 4sing Degassing

Alkali Currents to current 30 current 15
start reactions seconds seconds

* Na 6,5 6.8 Amp 6.OAzmp 7.OAmup
K 4.9 -5.4Amp 4.5Amp 5.5 Amp
Cs 4.3 4.4 Amp 4.0 Amp 4.5 Amp

Information on the minimum and maximum currents to start reaction
"in a channel was obtained from SAES Getters, Inc.

13



Use -0 !,ur,' , I kali metal soui cus I or a I ka I deposIt tons on
the samples was ('onsideted but not attempted loi d number of
rcasons. Usinq; the alkali channels paralleled commercial produc-
tion of Na 2 KSb(Cs) photocathodes. Pure allkali metals are very
reactive chemically in air, and this would have created many
handlinq difficulties. The room temperature vapor pressure of
K and Cs would have required cooling of the K and Cs sources and
a more comolex and expensive experimental apparatus. Pure alkali
metal sources were not a proven means to deposit alkali materials
at the start of these studies, and when they were tried by others
their operation was not entirely successful.

C. Deposition monitoring

Unsuccessful attempts were made to monitor the photoemission
of the samples in response to a white light during deposition of
the constituents. The white light source was a piece of
0.040 x 0.001 inch tungsten ribbon heated resistively to an in-
candescent state and located inside the deposition chamber as
shown in Figure 14. Photoelectrons emitted by the samples were
collected by placing a positive bias on the stainless steel
collector plate located -2 cm from the deposition chamber window.
(This was -2 cm from the sample when the substrate was placed in
the deposition chamber window.) A hole in the collector also
served as the last of three collimating apertures. Discussion of
the failure of this scheme and suggestions for an improved moni-
toring capability are included in Section III.1.

Photoemission of the samples was monitored by taking spectral
yield data or the quantum yield at a single photon energy. Any
check of sample photoemission required stopping the deposition
then in progress, turning off the deposition chamber heater and
moving the sample to the photomeasurements position in the
experimental chamber. Monitoring caused the deposition process
to be a step by step procedure, and it is possible that peak
sample photoemission was elusive beacuse it occured at the mid-
point of a deposition step and thereby went undetected.

4. Photoemission measurements

a. Optics system and calibration

Measurements of photoelectric yield and energy distributions
of photoelectrons from the sdmples were made using the light source
and optics system shown in Figure 19 and the three-grid hemispherical
analyzer shown in Figure 20. Design of the photoemission measure-
ments system was by D. G. Fisher of this laboratory; some of the
details of the system are explained in the following text.

The light source was a 150 watt xenon lamp powered and ignited
j by a Bausch and Lomb Model No. 33-86-20 power supply. The xenon

lamp had reasonably consistent and sufficient intensity over the
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photon energy range H1. 35-5.O 50 v) used in these studies. Down-
stream from the xenon larnp were two mow(.'hromators. Monochromator
No. I was a Bausch and Lomb Modlel No. 33-Pý-25 HiqIh Intensity
Monochromator which used three dif ferent cirat.incls as shown in
Table C.

Table C

Photon energy (ev) Gratincl (Bausch and

Lomb Model No.)

4.00 - i!J V 33-86-102

3..10 - IJ) 0 Visible 33-86-01

1.i- 1.1 IR 33-86-03

Monochromator No. 2 was a Bausch and Lomb Modlel No. 1.386-40 and
used a s~inqlo, 250 mm qratinq.

The firit. rimno.chrom ator was~ dominant in the detormi:nat.ion of
the bandwidth (--f the 1 iqht passed by the opt ies syst ott. 1The band-
width of the I iqht pas~sed by this mutiochromator was dependent up~on
both the (Iratinq Lind 010 sizo .,)f the exit. used. Table' D shows
the bandwidth of the I iht, piissed by. the system.

Table 1)

Qra t i q (Irat nq FXit lItt Bandwidth of
Bandwidth size. I qht p-Assed.

UV 3.2u':wim.r 0. 75 itum 2. 4 i.m

V i aib ie. 6.4m../nv mm$ w 4. 8 ;;m

IR 2. 8ni.;/mn 0.75 tam 9.6 .-Mn

It is not possible to eliminate all stray licht with a sinqlO
monochromator due to rwotlect ions from optical surfaces, Mount ings,
walls, etc. Because the two monochromators uned here were of
considerably different design it is unlikely that any stray Ihqht
emitted from the first miqht. also pass throuq~h the second. T'he
main func~tion of the second mo'nochromator wAs to -insure. the
spectral purity of the liqht.

*Following the wonochromators were filters employed to elimi-
nate higher order harmonic* of the frequency selectod by the mono-
chroamators. Folloving the f ilters -were plator of quartz set at anjangle to ref loct a fraction or the light to the active areas of
two photocells. The photocells used were a RCA Model. No.. 917 and
a RCA Model No. 935. Two photocells were required because of the
range of photon-energies used in these studies. The 935 photocell
has a high, uniform response in the ultraviolet and visible
r*gions oif the spectrum, but its response drop rapidly in infrared
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regions whore the 917 photocell was employed because of its more
uniform response. The response of thi, photocells was calibrated
-as a measure of the liqhgL incident on the samples. This calibration
was done using a thermopile in a position comparable to the sample
position and correlating the thermopile response with that of the
photocells at 0.05 eV intervals.

Particulars concerni:. the thermopile were as follows: manu-
"factured by Eppley, Serial No. 4100, special circular type, 16
iunction, silver bismun, and mounted in a vacuum enclosure. The
thermopile was calibrated against th? radiant flux from Radiation
"Standard No. C 63'! from the National Bureau Of Standards. The
photocellcurrent vas measured both during calibraiton and spectral
yield data collection using a Keithley Model 620 ele'trometer. The
circuit used for making quantum yield measurements is shown in
Fioure 21. A ý,::olector voltage, Vc = +135 V, was found to be
sufficient to saturate the photocurrent from the samples. A
!<eithley Model 620 _-.ectrometer was used to measure current in
-the sample lead.

b. Accuracy of quantum yield measurements
Detailed analysis by Fisher 2 9 showed that yield measurement

_trrot due t.o the bandwidth of the licht -issed by the monochromators
was ,-1%. If stray light was passed by the monochromators then
the spectral yield curves could be expected to have a tail in the
threshold region. No such tail was found. The accuracy of the
sample and photocell current meters was 1%, and could intr,)duce
a maximum of 2% error.

The cumulative error in quantum yield measurements introduced
by the succession of instruments 'equieod to calibrate the optics
system is estimaLed to be _<3".

Probably the greatest single incertainty in the yield measure-
ments was due to the non-uniformity of t'ie active areas of the 917
and 35 phCotocells. The arc in the xenon lamp would occasionally
change position on the lamp electrodes, and this would cause a
slightly different pert of the active areas of the photocells to
be illuminated. A crude estimate of the non-uniformity in the
activc area of the photocells would be 10%. When such arc move-
mernt ooccurred the intensity through the optics system sometimes
ch"anged markedly. Countering the possible error introduced here
was the procedure used in these studies of adiusting the position
of the lamp arc at the beginning of each yield data run. This
arc alignment was also done at any time the photocell readinqs
indicated a chanje in lamp are position. Using this procedure
the photocell readings from one yield data run to the noxt were
kept cuite uniform, and this i 1nplied the same active area of the
photo(alls was being used.

Considering all possible sources of photoelectric yield measure-
ment ercor the absolute accuracy of such measurements is estimated
to be -10%.
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c. Energy distrilr'tiv n of photoelectrons

Measurements of energy disLritbutions of photoelectrons were
done on onIy a few samples, and no pertinent data was derived from
these measurements. The circuit that was used is shown in Figure
22. As a cesult of depositions of the sample constituents elec-
tric-al rEsi3tance paths from the sample to ground were sometimes
formed and were of the order 1 x 109 to 1 x 1011 ohms. The input
resistance of the vibratinq reed electrometer, used here in the
feedback mode, was -1 x 1010 ohms. When the leakage naths formed
it proved to be impossible to obtain energy distribution data from
the samples.

3. Auger electron spectroscopy

a. Genefal description of AES

Auger electron spectroscopy (AES) was used to determine the
atomic species present in the first few atomic layers of the 3
samples. Details of AES have been discussed by several authors;.
only a brief description will be included here.

A target material under AES arnalysis is bombarded with a beam
of electrons. If the energy of these incident electrons is suf-
ficient they may ionize a target atom by removing an electron
from an inner shell. The target atom then rela:-:es by transition
of an outer shell electron to the inner shell vacancy. Conservation
of enery requires the atom emit either an x-ray or an electron as
a result of thL relaxation process. Electrons emitted in such
fashion are called Auger electrons. The electron energy levels
of an atomic specie are discrete and unique, so an Auger electron
is emitted with an energy identifying the -.;pecle of its origin.
Energy cnalysis of electrons emitted by a target material due to
interaction with the incident electron beam comprises the second
part of AES. In these* studies a fotir qrid hemispherical LEED -
Auger optics system and the circuit shown in F' ure 23 were used
for electron energy analysis" . Weber and Peria have shown the
suitability of using such a system.

A retarding potential curve obtained using the grid system
shown in Figure. 23 is measurement of the electron current from the
target to the collctor as a function of the potential on the
retarding g, rids, #2 apdIGj. The number of Augjer electrons emitted
is small comparpd to the total emission from a sample. for this
reason •the second derivative of the retarding potent sl curve
was obtained eiectrorically, as proposed by Harris, to make
evidence of A)igor electrons more prominent in the data.

Not all atoms have the same probability of emitting an Auger
electron due to electron bombardment, and not every electron
transition within an atom is equally probable. Identification
of atomic species represented by peaks in the AES spectra was
aided by charts and example spectra reported by other researchers
ard equipment manufacturers..
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The energy of the incident electrons, 1500 eV, was determined
to some extent by limitation of the electron gun power supply,
but this energy proved to be sufficient. The parameters of incident
beam current, 20 ýiA, and modulation amplitude, 10 V peak-to-peak,
were selected by trial with the AES system to obtain maximum
sensitivity while using minimum incident current.

b. AES spectra particular to these studies

Figure 24 lists the AES peaks found. If more than one AES
peak representing an atomic specie was available in the spectra,
the largest and most noise free peak w:as selected to monitor the
population of that specie in the first few atomic layers of the
target. Note that there are two AES peaks listed for use in
monitoring the Cs population. The Cs AES peak doublet appearing
at 565 - 575 eV was used for all but the last few samples. At the
start of these studies the following arguments were presented
against use of the Cs AES peak appearinq at 47 eV. Work by others 3 4

of this laboratory indicated all AES peaks at ý75 eV were poor
monitors for specie population. A large number of true secondary
electrons emitted from the samples at .75 eV cause a large and
rapidly changing background in the AES spectrum from 0 - 75 eV
energy. Also a great many species have AES peaks at <75 eV
separated by only a few eV, and resolution is often difficult.
For instance, antimony has an AES peak appearing at 50 CV. Later
in these studies the large magnitude of the Cs 47 eV AES peak
prevailed over the arguments listed above.

if two values are indicated for the electron energy at which
an AES peak occurred (Column 2, Figure 24) the peak was a doublet.

Note the letters found in Column. 3 of Figure 24. The first
of the three letters indicates the atomic shell ionized by the
incident electron beam. The second letter identifies the atomic

* shell from which an electron made the transition to the fisrt
shell in order to relax the ionized atom. The third letter
indicates the atomic shell from which the Auger electrun was
emitted.

c. ha., sensitivity of AES and sensltLvity of ABS to
const.tuents

The escape depth of the Auger electrons is somewhat dependent
upon their energy as shown in Column 4 of Figure 246 The escape
depths listed are estimates based on a compilttionJ2 of escape
depth studies '>y several researchers. Of special note is thl great
difference in the escape depths of the A,,ger electrons (-10 A)
compared to the escape depth of photoelectrons for alkali anti-
monide materials (250 A).

During formation of the samples both hexagonal and cubic
crystal stru'tures were expected to be present for the various
combinations of alkali antimonide compounds that comprised the
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films. Representative of these crystal structures are the unit
cells fot Na2KSb (cubic) and Na3 Sb, K3 Sb (hexagonal) shown in
Figure 25. Comparison of the crystal lattice dimensions shown in
Figure 25 with the escape depths of the Auger electrons listed in
Column 4 of Figure 24 shows AES analysis was sensitive to species
in the first 3 - 4 atomic monolayers. There was no way to dis-
tinguish whether a specie was present only in the surface monolayer.

Studies by others36 have determined the sensitivity of AES
analysis to the presence of Na, X, and Cs on ordered Ge surfaces;
the results of sich studies are shown in Table E.

Table E

Alkali specie Smallest % of mono- Substrate
layer detected

Na 5 - 10% Ge

K 1% Ge

Cs 1% Ge

There can exist some differences in the magnitude of the AES
signal from a specie depending upon the presence of other species
in the target. These differences in AES signals are believed to
be due to differences in electron backscattering of species. 3 7
However, it is not known whether the limit of detectibility of a
specie would be affected by differences in electron backscattering.
In addition no large differences in the electron backscattering
of Ge and alkali antimonides are expected. Thus the AES sensi-
tivity to Na, K and Cs in these studies should be similar to that
found in the studies of alkali- overlayers on Ge substrates. The
sensitivity of AES to Sb was estimated by assuming a linear
reduction of the Sb AES peak size with reducing Sb population
and knowledge of the Sb peak size from clean, pure Sb. Such a
calculation would give 2-3% Sb as the threshold amount for AES
detection in these studies.

The estimates of AES sensitivity to Na, K, Cs, and Sb were
used only to judge the minimum specie population that would be
detected. The calibration of AES peak height with species
population is discussed in Section III.7b.

6. Schedule of deposition and analysis used in these studies

Before deposition of a sample visual and AES inspections were
made of the substrate. Sample formation always began with deposi-
tion of Sb while the substrate was at room temperature. This
first Sb deposition was then checked visually and via AES for
uniformity and possible contamination. K was the next constituent
deposited with the substrate normally at room temperature although
occasionally it was heated. Collection of spectral yield data
began at this stage with visual and AES analysis continuing.
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With the K deposition the photoemission of the sample became
great enough to allow correlation of the manipulator position
with the position of the light beam on the sample. Prior to this
point the photoemission of the Ta substrate and of the original
Sb deposition were not large enough to permit good resolution of
the sample edges as seen by photoemission measurements. Positioning
of the AES analysis locations had been done on the substrate
earlier, and now a correlation between AES and yield data positions
could be made. Several K depositions were usually required at
this stage, and the sample was sometimes heated between deposition
attempts.

To determine when Na was to be deposited a comparison was
made between the spectral yield of the sample and the spectral
yield results fcr K3 Sb reported Yy Spicerl and Jeanes. 20 If the
sample spectral yield equalled or exceeded that of the standards
set then Na deposition was initiated. The Na deposition was also
done at either room temperature or at elevated temperatures, and
the sample was sometimes heated between deposition attempts. To
decide whether the sample was ready for Cs deposition the spectral
yield of the sample 1 1as compared with the spectral yield of Na 2 KSb
reported by Spicer.

When the spectral yield results were not comparable to the
standards set, and especially after all constituents had been
deposited, the decision whether or not to heat the sample or which
constituents to deposit came from a comparison of the AES results
from the sample with those from the most successfull sample formed
previously. Positive or negative spectral yield chanqes due to the
heating or deposition then determined to what extent the heating
or deposition was continued. The spectral yield standards for
the final stage of the samples were the spectral yield results for
Na2KSb(Cs) reported by Spicer 1 4 and the typical S-20 photocathode
response curve published by MTT. 3 8 Depositions of the constituents
and/or sample heating was continued until the effect of such
attempts was either detrimental or had no effect an sample photo-
emission.

Iterative depositions of the constituents to achieve maximum
sensitivity (the "yo-yo" process or alternations discussed in
Section 1.5) were generally not successful in increasing sample
photoemission. When iterative depositions were attempted they
normally resi~lted in decreasing the photoemission of the samples.

The visual and AES inspections of the first Sb deposition
beginning sample formation were not sufficient to determine
whether the original Sb deposition was adequate to result in a
final film of desired thicknesf. (As discussed in Section 1.2
a final sample thickness >250 was required to achieve maximum
quantum yield.) Visual observation was only capable of detecting
gross sample changes and the deposition of Sb on Ta was very

r difficult to detect. AES was inadequate to determine the thicknessof the original Sb deposition as the following calculation
demonstrates.
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The bulk of the sample films consisted of Na 2 KSb.

Let: F = atomic weight of Sb/atomic weight of Na 2 KSb

= 122/(2 x 23 + 39 + 122) = 0.59

vB = volume of film 250 A thick = 1 x 1 x 250 x 10 cm
dB = density of Na 2KSb = 2.937 gm/cm3

B 23

dA = d nsity of Sb = 6.691 gm/cm

t = thickness of original Sb layer for sample 250 A thick

F x v x d
t = dB B 65A

A

Comparison of t above with the escape depth of Auger electrons
(Column 4, Figure 24) shows the depth of AES analysis, -10 A,
as too shallow to detect sufficient thickness of the original
Sb deposition.

To determine whether anoriqinal Sb deposition was sufficiently
thick a comparison was made between the quantum yield (measured
at 4.00 eV photon energy) of the sample and that of K3 Sb, Na2 KSb,
and N12 KSb(Cs) reported by Spicer 14 and Jeanes.20 Samples
.-,250 A thick would be expected to demonstrate lower quantum yield
values than those -250 A thick because of light absorption by the
Ta substrate as is discussed in Section 11.7. The same Sb evapora-
tor was used for several samples and after the first sample
deposition, the time and evaporator current values needed for
adequate Sb deposition were established for later samples.

7. Transmission mode and reflection mode utilization of
photocathodes

Photocathode films are utilized in either transmission mode,
or reflection mode. In transmission mode applications the light
"is incident throuqh a transparanet substrate on one side of the
film, and the photoelectrons are emitted on the opposite, vacuuum
interface as shown in Figure 26A. In reflection mode applications
both the incident light and the emitted electron appear at the
same vacuum interface as shown in Figure 26D. Most applications
of Na2 KSb(Cs) photocathodes are transmission mode, but in these
studies reflection mode measurements were used because of the
need to deposit and analyze the samples at different locations
in the experimental chamber.

Transmission mode applications require a compromise between
absorption of the incident light and the escape depth of the
photoelectrons. If a photocathode film is too thin then the
light will pass through it without being absorbed. If the film
is too thick then electrons excited near the surface where the
light is incident will lose too much energy during diffusion to
be able to escape at the vacuum interface. Na2KSb(Cs) photocathode
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films of -100 A thickness have proven to have the highest quantum
yield in transmission mode applications.

Reflection mode applications require film thickness > the
escape depth of the photoelectrons to result. in maximumoquantum
yield. Consider now the effect of film thickness -250 A on
reflection mode measurements of quantum yi(:]d in these studies,
The reflectivity of tantalum vs. wavelength of incident light is
shown in Figure 27. Note that at hv - 4.00 eV the reflectivity
of Ta is 20-25%. Thus, 75-80% of the light not absorbed by a
film <250 A thick would be absorbed by the substrated and would
produce negligible photoemission. Therefore one would expect
samples <250 A on a Ta substrate thick to produce a lower quantum
yield at hv = 4.00 eV than films > 250 A thick.

Surprisingly theory predicts the quantum yield can be greater
in transmission mode for Na2KSb(Cs) films of optimum thickness
than for thicker films in reflection mode. Ramberq 3 9 has consi-
dered the transmitted and reflected light at the various inter-
faces of photocathode film, substrate, vacuum and atmosphere in
a comparison of transmission mode and reflection mode applications.
Due to the interactions of the reflected and transmitted waves
he found the optical stimulus in a photocathode film could be
greater for optimum thickness films in transmission mode than for
thicker films in reflection mode. H1owever, the differences expected
by Ramberg's calculations are not large, - x 5. Measurements44
done both in reflection and transmission on the same Na2KSb(Cs)
films have demonstrated higher quantum yield for transmission
mode, but the yield differences were not large, and there was no
difference in the threshold region. For these reasons the
reflection mode data from these studies is considered applicable
to transmission mode films.

I1I. RESULTS AND DISCUSSION

I. Monitoring sample formation via photoomission

It was originally intended that sample formation would be
monitored continuously by measurement of sample photoemission in
response to a white light source during deposition of the constit-
uents. The light source for this monitorinq was a resistively
heated tungsten filameut shown in Figure 14 and discussed in
Section II.3e. This method of monitoring was not successful,
although it appeared promising on occasions. After elimination
of several possible reasons for failure of the continuous moni-
toring system the actual cause of failure was established. The
white light source was hot enough to ionize alkali vapors released
during operation of the constituent sources, and it was also hot
enough to release electrons. The ions and electrons made meaning-
ful photoemission measurements impossible during operation of the
sources regardless of the sample and/or photoelectron collector
potentials.

For these studies monitoring of the formation process was
* ,• intermittent and required moving the Pimples from the deposition
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chamber window to the photoemission measurements grids. This
sample repositioning and subsequent data acquisition required
1 - 15 minutes, and the deposition chamber heater had to be
turned off during the measurements. Deposition chamber warmup
required an additional 5 - 10 minutes before a deposition could
be continued.

The ability to monitor the photoemission of the samples
during constituent depositions would be desirable, because such
monitoring would parallel the commercial processing of Na 2 KSb(Cs)
photocathodes, and optimization of sample photoemission would be
greatly simplified and probably enhanced. With major modification
of the deposition chamber and mounting flange, sample photoemission
could possibly be monitored during depositions of constituents
by use of an external, chopped light source and a synchronized
detector. A potential problem with an external light source would
be depositions on the light entrance window (changing its trans-
mission characteristics). In addition the required modifications
of the deposition chamber might rpsult in alkali contamination of
the vacuum chamber (causing electrical leakage paths). Following
deposition of the alkali constituents leakage paths were sometimes
found between the AES analyzer grids. This effect occurred even
though the sample filled most of the deposition chamber window
which was the only hole in the deposition chamber walls, and the
AES grids were located several centimeters from the deposition
chamber. Additional holes in the deposition chamber for an
external light to fall upon the sample during depositions could
result in excessive alkali contamination of the experimental
chamber. An optical window in the deposition chamber would pass
the needed light and eliminate the extra escape channel for
alkali vapors, but such a window would be especially subject to
depositions changing its tranismission characteristics. In an
early model of the deposition chamber an optical window in the
deposition chamber was quickly coated with alkali metals. The
possibility of low resistance paths appearing as a result of
alkali depositions should be considered when choosing and placing
the meter used to measure sample photocurrent.

As explained in Section II.3c the deposition chamber was
constructed to eliminate line-of-sight between the alkali channels
and the sample. Sb depositions required line-of-sight between
the S) source and the sample, and the Sb evaporator could possibly
be a secondary light source leading to confusion in measurement
of sample photoemission, In these studies the Sb evaporator was
an appreciable light source when operated at maximum current,
20 A, but no significant effect was detected using 15 A current.
Uou o' an L:A;ornal, chopped light source and a synchronized
detector would eliminate this potential problem.

2. Substrate effects

The substrate did not appear to be a significant factor
v " in the photoemission from samples in these studies, and AES

evidence indicated little, if any contamination of the samples
by species from the substrate. Before presentation of the
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evidence to support these statements the notation used to distinguish
the various stages of formation of the samples will be introduced.

All stages of sample formation due to the operation of a set
of alkali channels and a loading of the Sb evaporator are designated
by the same prefix, S20(X), where X is the general sample number.
The second segment of sample designation is used to indicate the
constituent which had been deposited on a particular sample.
For example, S20(21)-Na(l) designates the first sodium deposit on
sample S20(21). Only a review of the notebooks kept during
sample formation and analysis would reveal what events preceded
the first sodium deposit on S20(21), but where the history of
a sample formation is pertinent to the discussion it will be
given in the text. The third segment of sample designation
refers to a particular data collecting session called a data point
and will often be omitted. The third segment is most often used
to distinguish among sample conditions differing only in the
degree of heat treatment.

The first few samples were deposited on glass substrates
with either gold or aluminum tabs as electrical contacts. Tantalum
sheet was the substrate material used for the latter, and more
significant samples. When use of the Ta substrates was begun
they were sputter cleaned before sample deposition. Due to the
problems of sputtering in the experimental chamber discussed in
Section II.2e the amount of substrate sputtering was later reduced
and finally eliminated. The last few samples were deposited on
Ta substrates heavily contaminated by C and 0.

A comparison of spectral yield curves from samples deposited
on the various substrates is shown in Figure 28. Curves A. B,
C, and D are, respectively, the highest spectral yields from-
samples deposited on:

A) a glass substrate with Au contacts,
B) a sputter cleaned Ta substrate,
C) a partially cleaned Ta substrate, and
D) a contaminated Ta substrate.

Curve D was the high'st spectral yield from any sample in these
studios. Most samples had peak spectral yield curves lying be-
tween Curves A and B. As will be discussed in the following four.
paragraphs, AES evidence accompanying Curves A, B, C, and D indi-
cated substrate species were not contaminants of the samples
deposited.

Curve A spectral yield data was obtained from S20(2)-Cs(l).
An AES spectrum from the substrate before deposition of S20(2)
is shown in Figure 29,* and an AES spectrum coincident with

. Note in Figures 29 and 30 the ordinate axis is labelled
differently, and the incident electron energy is 2000 eV not 1500
eV, when compared with the bulk of the AES data presented here.f These differences from the normal AES data occur because samples
S20(0) and S20(2) were deposited in a borrowed system with a
cylindrical electron energy analyzer for AES analysis.
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Curve A in Fiqure 30. The strong Au ABS peak at 70 eV in Figure
29 is absent in Fiqure 30 and suggests no Au contamination of the
sample. The AES peaks at 40 and 60 eV in Figure 30 may indicate
contamination, but they were not identified with any element. The
contamination of S20(2)-Cs(l) by 0 and C could have been the result
of diffusion from the substrate. However, both 0 and C could have
been present from other sources, and results discussed below argue
against diffusion of 0 and C from the substrate.

Curve B spectral yield data was obtained from S20(9)-Cs(l).
An AES spectrum from the substrate before deposition of S20(9) is
shown in Figure 31, and an AES spectrum coincident with Curve B
is shown in Figure 32. Comparison of Figures 31 and 32 shows no
AES evidence of Ta in the sample. Oxygen and chlorine were present
in the sample but were not on the substrate, and this suggests
that both arrived by means other than thorugh diffusion from the
substrate.

Curve C spectral yield data was obtained from S20(20)-Cs(l).
An AES spectrum trom the substrate before deposition of S20(20)
is shown in Figure 33, and an AES spectrum coincident with Curve
C is shown in Figure 34. Note in Figure 34 that the AES analysis
did not include the energy range 100-200 eV where the largest Ta
peaks would appear. The next sweep, shown in Figure 35, which
included "he 100-200 eV energy range was obtained after continued
Cs(l) plus the Na(2), Cs(2), and K(2) depositions on S20(20).
Comparing the Sb AES peak heiqht coincident with Curve C and that
of Figure 35 shows the latter to be 27% smaller. This implies that
the additional alkali depositions could have masked possible sample
contamination. Note in Figure 35, however, that there is no AESS....sevidence of Ta contamination of the sample. Oxygen, a prominent
contaminant of the substrate, did not appear in the AES evidence
from the sample, and this suggests no diffusion of oxygen from the
substrate.

As a final example, Curve D spectral yield data was obtained
from S20(24)- K(2). An AES spectrum from the substrate before
deposition of $20(24) is shown in Figure 36, and an AES spectrum
"coincident with Curve D is shown in Figure 37. As in the previous
example, there was a time interval between Curve D data gathering
and a complete AES search (Figure 38) for possible contamination.
During this interval only sample heating was done. Comparison
of the Sb AFS peak height in Figure 37 (before heating) with that
of Figure 38 (after heating) shows a 61% Increase and suggests
no masking of possible contamination by alkali metals. It is
doubtful that the Sb AES peak height increase was due to a flood
of Sb to the surface (masking evidence of contamination). The
heating between collectionof AES spectra for Figures 37 and 38
was 1759C for 10 hours and 30 minutes. Note th"$ in Figure 38 there
is no evidence of contamination.

Consideration of the spectral yield and AES evidence presented
above leads to the conclusions that neither substrate constituents
nor contaminants were present near the surface of the samples and
"that the substrate was not a significant factor in the photo-
emission results achieved.
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3. Sb depositions

Sb depositions for sample formation involved only minor
technical problems and were consistently free of contamination.
The greatest technical difficulty encountered was a lack of
adequate Sb in some early samples. The Sb evaporator packing
procedure described in Section ll.3b eliminated this problem.
Neither the Sb evaporator current nor the alkali channel degassing
schedule appeared to affect the Sb depositions.

Current passed through the Sb evaporator ranged from 15
amperes, the threshold for Sb deposition, to a maximum of 20
amperes. If contamination was present in the Sb depositions it
is probable that evidence of same would have been most prominent
at either of the extremes of evaporator operation. An AES spectrum
from S20(24)-Sb(l), deposited using 15 amperes, is shown in Figure
39. Note in Figure 39 that only AES peaks for Sb appear. An
AES spectrum from S20(20)-Sb(l), deposited using 20 amperes, is
shown in Figure 40. Again there is no evidence of contamination.

Listed in Table F are the different deqassing schedules used
before the Sb(l) depositions of three samples.

Table F

Sb evaporator deqassing schedules

Sample Sb evaporator current Time
(minutes, seconds)

S20(5) 7.5 amperes (2:00)

10.0 amperes (178:00)

S20(20) 10.0 amperes (1:00)

12.0 amperes (1:00)

620(24) 10.0 amperes (1:00)

15.0 amperes (0:30)

For S20(20) the deqassing currents used were below the threshold
for Sb evaporation. For S20(24) the degassing current for the
last 30 seconds was at the Sb deposition threshold. For S20(5)
the degassing currents used were below the threshold for Sb
evaporation but were maintained for three hours instead of the
2 minutes or less used for S20(20) and S20(24). An AES spectrum
from S20(5)-Sb(l) is shown in Figure 41. Note the Auger spectra
from S20(20), S20(24), and S20(5) (Figures 39, 40 and 41) are
quite similar. The Sb evaporator degassing schedule evolved during
the course of these studies from long and complex to short and
simple. This simplification took place because the Sb(l) deposi-
tion from a succession of samples with simpler degassing schedules
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produced the same AES evidence showinq no contamination. No
depositions were tried without deqassrnq of the Sb evaporator.

The peak pressures during Sb evaporator declassing were
1-3 x 10- Torr, and pressurus during Sb depositions were only
slightly higher. For degassing currents below the threshold for
Sb evaporation the pressure peak was transient, while during Sb
depositions the pressure was sustained.

Most samples were formed with only one Sb deposition. Sb
depositions after the first generally caused reductions in the
spectral yield.

As noted in Section i. 3b, Fe, Ar, Cu, and Pb were listed
as very low concentration contaminants of the Sb used. There was
no AES evidence in these studies suggesting contamination of the
Sb depositions, or any other sample stage, by Fe, Ar, Cu, or Pb.

4. Alkali depositions

Alkali depositions were troublesome for several reasons:

1) The alkali channels did not function consistently.
2) The success of an alkali deposition was dependent upon

many factors.
3) The output of an alkali channel was contaminated with

other alkali sp(ecics.

These topics will be discussed more thoroughly below. In these
studies the channel current required to obtain a qiven alkali
deposition was found to vary, and the currents used were often
greater than those anticipated by information from SAES Getters,
Inc. One example of this was the contrast between the Cs(l)
depositions Of two samples. In both cases the same channel de-
gassing time and current procedure, deposition chamber heater
current, and substrate temperature were used. For S20(20)-Cs(l)
AES evidence of Cs deposition on the sample was found after only
20 seconds of operation at 5 amperes. For S20(25)-Cs(l) AES
evidence of Cs deposition on the sample 4ýas not found until after
operation at 5 amperes for 45 seconds, plus 6 amperes for 60
seconds, plus 7.5 amperes for 60 seconds. Once deposition had
been achieved from a partic(..lar channel, later operation ot that
channel indicated alkali vai.ors were sometimes released at cur-
rents below those expected.

Another example of inconsistent channel functioning was the
appearance of shiny, metallic, almost liquid appearing puddles
uti the surface of four samples as'a result of alkali deposition
attempts. It is believed that these puddles were the result of'1 excess alkali depositions. The spectral yield of the sAmpler
dropped •x 10 when the puddles appeared. This reduction in
photoemission could be explained by comparison of the spectral
yield curves of Na and K with those of K3Sb and. Na2KSb as shown
in Figure 42. Note that the spectral yie).d curves for Na and K
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art, below the spectral yield curves ot K3 Sb and Na 2 KSb by at least
.1 factor 10. The reduction in spectral yJtild due to the Cs(1)
deposition on S20(12) is shown in Vi.qure 43. Curve S20(12)-K(3)
was the response before the deposition. The rercuction in spectral
yield due to the Na(i) deposition on S20(21) is ;hown in Figure 44.
Curve S20 (21)-K (1) was the sample response before, and Curve
S20(21)-Na(l)-5 after, the deposition. Spectral yield data appro-
priate to this discussion was not available from S20(7)-Na(1) and
S20(8)-Cs(l). When the puddles appeared on sample S20(7)-Na(l),
S20(8)-Cs(l), and S20(12)-Cs(l) only peaks for Na, K, and Cs
were found in the AES spectra. The Sb AES peak had been present
before the puddle producing deposition. Sample S20(12)-Cs(l) was
left for 21 hours at room temperature. This resulted in disap-
pearance of the puddles, increased sample spectral yield, and a
return of the Sb peak in the AES spectra. For S20(21) the Sb
AES peak was not eliminated from the spectra by a puddle producing
Na(l) deposition, but it was much reduced. Both the AES and
spectral yield evidence discussed above supports the inter-
pretation that the appearance of puddles on the sample surface was
the result of excessive alkali deposition. These excessive deposi-
tions were probably due to a large variation in the rate of
reaction in the channels. Identical or almost identical degassing
and operation of the channels in some cases produced puddles, and
in other cases did not.

Besides proper functioning of the channels the success of
alkali depositions depended upon such factors as operation of the
deposition chamber heater, the substrate temperature, and the con-
dition of the sample prior to deposition. As discussed in Section
II.3c the deposition chamber heater was necessary to effectively
move Na and K from the channel space in the deposition chamber to
the samples. Early in this study the deposition chamber heater
current and the chamber warmup period were fixed. Operation of
the deposition chamber heater was not considered a factor in
varying alkali deposition success thereafter. Substrate tempera-
tures greater than room temperature could affect the success of
an alkali deposition because heating reduced the alkali population
of the samples (See Section 111.7). Sample conditions could
affect the success of alkali depositions because of the ability or
inability of one alkali to displace another (See Section 111.8).

Another problem with alkali depositions was the presence of
more than one alkali in the output of a single channel. Some
examples of this cross-contamination are presented below.

Sample formation normally began with the 'Sb(l) and X(l)
depositions; K3Sb was the anticipated result, Consistently the
spectral yield at this stage of sample formation had a significantly
lower threshold than the spectral yield results for x 3 sb-reported
by Spicer" and Jeanese.20 -An example of such a loý)er threshold
is shown in Figure 45. AES results -from the R"(1), stage ooflsiiterhtly'
showed the presence of Cs in addition to K and Sbi A test for
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contaminaton of K chinnel ,Ltput was dono :iirinrnq the formation
of S20(21). The sample at the ;b(1 ) staqe was posit ioned in the
deposition chamber window for 20 minutes with the chamber heater
operat inq, but subsequent AES apalysis detected no deposition of
any alkali on the sample. After operation of the K channel for
two minutes AN*:S evidence of both K and C's was found. No evidence
that Na ccntaminated the output of the K cha-nnels was found. In
the tormation of S20(25), Cs was deposited on the Sb(t) staqe,
prior to any K or Na depositions. AES spectra from S20(25)-Cs(l)
showed peaks for Cs, K and Na. This verified Ni and K contamina-
tion of the Cs channel out 1 :ut. There was occasi.onat indication
that a Na channe'4 output was contaminated by K and/or Cs but
this was not verified.

Resides the tests for cioss-contaminatton, other tests were
done for possible sample contamination due to alkali depositions.
The residual qas analyzer was used to monitor the output ,,f the
alkali channels. Mass spectra obtained before and duri.nq opera-
tion of ai K channeI are shown i.n F iqure 46 Note that the oveorall
expeL imental chamber pressutre was I x 10-O rorr hlw,.ro oeratiot
of the K channel. Th,, F Outp!ut of the channel was very large
r'elative to the k,und., and onnly CO wiiq d,.tokted as
a significant contami nart. A check of Na channol outpout. produced
similar evidence. it was not possible to have the Cs p.ak (at
131 a.m.u. ) and the normal cont•aminant pe.aks (at I - 50 a.m.u.)
appear in thai, same mass sweep so flO comparablo data was obtained
rdurrinq operatiott of a-1 Cs chann.l For' the resmdi-tal qIas anal yzer
tests the NZa and K channels were oe.lrattod .qt 7.1 amperes which
w11s the. cu'r rent normal ly used for sample format.iions. In1tnrma t ion
Ofrom AFES Getters, lhic, t'oncerninq the qaseous products reloased
dturingj nperation of the alkali channels is shown in Fiqurv 47.
Note that-at. 7,5 amperes 112, and CO are shown as the principal
contamina s of channel output. Due to an idirsyntasy of the
residual ,.as, analyzer. includinnq the H1,2 pak in the spectra created,
Zeroinq problems, and the 11ý .eak was nrot included for that,
reason. In additi.on the presence of H cannot- be detected via AES
analysis, and no conjecture is made as to what role 02 mliqht play,
if any, in the formation of a few Na2 KSbiCs) photocatiodes.

Possible evidence of CO Contamination ot the sample,.V was
tested. A peak tor ) was occasionally found in the AES spectra.
When the 0 peak was present h,-wevev,* its appe.arance d~d not-
correlate with the u.-e of a ch4nnel, nor did its size aortelate
with the time or intensity of channel operation. A peak for C
apieared in the ACV spectra only during formation of early
samp li.. Others 41 in this laboratory have investigated CO
depositio.q on sample surfaces. Under electron bombardment the
CO dissociate4; oxygen left. arnd carbon remained on the surfaces.
From this information one would expect a peak for C to be present
in the AES spectra i- - was present. The absence of the C AES
peak is interpreted to m"an that CO did not contamir'ate the
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Miscellaneous information concerning alkali depositions is
*includc:4 below. Peaks for Zr and Al (the reducing agents in the
ilkali channels) were sought in the AES spectra but not found. The
channel deaassing procedure used is listed in Section II.3d, Table
B. Many different degassing procedures were recommended, and more
complex and longer lasting procedures were used early in these
studies. However, no evidence was produced to show that one de-
qassinig procedure was better than another so a simple procedure
evolved. The vacuum chamber pressure during alkali depositions
Svaried from x x 108 to 1 x 10' Torr.

5. Sample uniformity

* Sample non-uniformity and the apparent sample changes due to
AES analysis (discussed in Section 1.6) were the reasons for
instituting the sample positioning system described in Section II.2b.
Although a signi.,icant fraction of a typical sample demonstrated
relatively uniform photoermission, the non-uniformities that existed
limited the amount of AES analysis that could be done in the early
part of these studies.

An example of typical uniformity of sample photoemission i.s
shown in Figure 48. The x's in the figure indicate the location
of 4-he center of the light beam used to make photoemission measure-
ments. There was some overlap between the positions as shown by
the dot:-.ed circle. The numbers above each "x" indicate the yield
aat that point relative to the maximum yield obtained for this sam-
ple at the photon energy employed (3.50 eV). Emission near the
bottom edge of the sample was weak because of inadequate Sb
deposition.

Commercially produced photocathodes are rated by their
response (in microamperes/lumen) to a tungsten lamp (f 2R70*K
coloe temperature. The photon flux from st:ch a W lam, changes
by a factor greater than 100 over the energy rAnie 1.30 - 3.50 eV.
The photocathode rating method is an inteqration over photon
energy, of the product of the W lamp output curve times a spectral

: •yield curve. Because of the variation of the W lamp output in
the threshold region of the photoemission from Na2 KSb(Cs), small
difference in spectral yield curves can result in Large differences
in liA/lumen ratings. Thus even -he variations tound within the
indicated contours of Figure 48 could be significant. For example

*•consider the touz spectral yield curves shown in Figure id. A
listing of their pA/lumen response and commercial rating Is shown
in Table G.

Note in Figuie 28 that at photon energy - 3.50 cV, Curves A,
C, and D are approximitely equal, and recall that all data for
Figure 48 was collected at this same photon energy.

The normal procedure used to test sample uniformity was to
take quantum yield measurements over the sample (as in Figure 48)
using either 3.50 or 4.00 photon energy. Areas were considered.
equivalent only if their quantwn yield values were withir 10%.
Other procedures used to monitor sample uniforrmity (use of photon
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Table G

Curve HA/lumen Commercial rating
(fromi Fig. 29)

A 30 Poor

B <1 Ridiculous

C 85 Good

D130 Very good

energies <3.50 eV, collection of complete or partial spectral
yield curves) did not improve identification of equivalent areas,
and took considerably more time.

The incident electron beam used for AES analysis covered an
area approximately equal to that shown for the light beam in

* Figure 48. As will be discussed in Section 111.6, it appeared
* that AES analyais resulted in sample changes, and any area used*

for AES analysis had to be written off for future sample formation.
Correlation of AES spectra and spectral yeild results was valid
only if the locations measured were equivalent ( or the same loca-
:tion). Sample non-uniformity reduced the area where spectral
yield data and AES spectra could be correlated. As a result the
use of AES analysis was restricted in the early part of these
studies.

For the discussion immediately following, and much of the
discussion in S-ectons 111.7 and 111.8, use is made of a summation
format-for presentation of the AES results. These summation
figures are explained below. F~igures 49, 50, and 52.will serve
as examaples .-for the teX.L..

1)At the end of. each,-curve is the chemical symbol. of the
element represented,'-the electron energy of the AES.'peak

use tomontothe population of that specieadth
relative sensit~ivi~ty.yof the ACS analyzer. WO~ meansIthe analyzer was 20-times more sensitive for measurement
of that particular peak than for another labelled XI),
The same base sensitivity'is comm~on to all AfS results

2) Depositions and the time' of r~ample httating periods are
listed in some fiqures at co-n~venie~nt loc~ations among the
curves and parallel to the peak hel-,"- 1 axis.- The tiffe
of sample heating is given -in parer~theses in-hours and
.minutes. lExamplet hours and 05 minutes - (2't-45)J.
For other suammation results the'6 deoiins etn
temperatures. and heating periods ar, listed, in table
form in a separate figure.

3) Data points, shown along the horizontal axis, represent
data collecting siessidna. Spectral yield and ASS results
collected at the sam. sssion are give& the same data
vint number.
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4) The temperatures of sample heating periods are given at
convenient locations among the curves and parallel to
the data point axis.

5) At a convenient point on each curve the error limits of
the AES analyzer for that particular peak are shown.

heating the sample generally resulted in more uniform samples,
but, in addition, heating usually reduced the spectral yield. For
two sample stages, S20(25)-Cs(l) and K(l), AES spectra and
sy-ectral yield data were obtained from two sample locations. These
locations were separated by a distance such that there was no over-
lap in the areas used to make measurements. The AES results in
Fiqures 49, 50 and 52 show uniformity with heating, but the locations
were very equivalent at the start. The spectral yield results
shown in Figures 51 and 53 were also similar. Note that heating
reduced the spectral yield but improved the areal uniformity.

Heating the substrate during deposition of the constituents,
as was done for S20(24)-K(2), resulted in even better uniformity.
In Figure 54 are shown spectral yield results from five different
locations (in S20(24)-K(2) at approximately the time of its
highest sensitivity. In Figure 55 is shown a summation of the AES
results from the same five locations. A map of the data acquisi-
tion sites is included in Figure 55,

The problems associated with sample non-uniformity were removed
when the effect of AES analysis on the samples was understood and
eliminated as explained in Section 111.6. Subsequent spectral
yield data and AES spectra were collected at the same location on
the samples.

6. Effect of AES analysis on samples

Evidence from some early samples indicated AES analysis could
result in changes in ALS spectra and reduction of spectral yield.
However, evidence supporting the idea of such changes was not
consistent. Several examples of changes in AES spectra as a
result of ele-tron bombardment are presented below.

SrFigure 56A shows AES peaks for sulfur and chlorine, contami-
nants of $20(2). The chlorine AES peak was reduced as a result
of several minutes of electron bombardment from the size shown in
Curve Al to that shown in Curve A2.

Figure .56B shows the complete disappearance of the K AES peak
.of 20(5) due to several minutes of exposure to the incident elec-

-tron beam. Curve Bi was obtained at the start of, and Curve B2
j after, the electron bombardment. Carbon was a contaminant of S20(5),

and its peak masked the K peak to some extent.
/ Figure 57A shows an increase in the K AES Ixtk of S20(19)-Ca(1)

Sdueto a few minutes of electron bombardment. Curve Cl was obtained

from the first sweep of the AfS analyzer, Curve C2 from a second
"sweep a few minutes later, and Curve C3 from a third. Note K peak
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increased from Cl to C2, but no change occurred between C2 and C3.
Curves Cl and C2 are shown displaced with respect to the electron
energy axis and are indicated by dashed lines for that reason.

The change-. in AES peaks discussed above imply changes occurred
in the populations of species in the surface region of the samples.
Electron bombardment could cause dissociation and/or heating,
resulting in evaporation of one or more species from the surface.
A decrease in the height of a given AES peak could be the result
of evaporation from, or diffusion into, the sample by the
particular specie. A decrease could also results from diffusion
of another specie from the' bulk to the surface. The reversal of
any of these processes could result in an increase in the size of
an AES peak.

Other results indicated that the populations of the sample
species were stable under electron bombardment. Figure 57B shows
the stability 3f the K AES peak of S20(19)-Na(2) under electron
bombardment. Curve Dl was obtained at the beginning, and Curve
D2 after several minutes, of AES analysis. Curve D1 is shown dis-
placed with respect to the electron energy axis, and is indicated
by a dashed line for that reason. Note the last two examples, one
of change, and the other of stability, were taken from different
stages of formation of the same sample.

Typical changes in the spectral yield of a sample due to
electron bombardment were 10 - 30%; an example is shown in Figure
58. When spectral yield changes did occur they were almost always
in the direction of reducea photoemission from the samples. In
contrast, Figure 59 shows t:ie stability of the spectral yield of
a sample under electron bomiardment. Note that the example of
spectral yield change and stability were from the same sample, but
at different stages of formation.

. IInformation from other sources was also inconsistent. Con-
current with these studies was a study in this laboratory of single

* crystals of Na3Sb, K3Sb, Cs 3 Sb, Rb3 Sb, and Na2 KSb by Dr. M. R.
Jeanes. 2 0 Data from the study of single crystal materials gave
evidence that electron bombardment was damaging to the spectral
yield of all the materials-tested. An example of such spectral

- yeild changes is shown in Fiqdre 60. Note the spectral yield of
single crystal Na3 Sb was reduced by about a factor 10 as a result
of AES analysis. No change in AES spectra from the single crystal
Na3 Sb accompanied the apectral yield change, however, AES studies
of alkali metal overlayers deposited on Si and Ge single crystals
in this laboratory4 2 had not indicated any changes, to either the
substrates or the alkali overlayers, occurred during AES analysis.

For at least one early sample deposited on a glass substrate
there was visual evidence of sample changes due to electron bombard-
ment. Following AES analysis of S20(5) (2W6001), a spot the size
of the incident electron beam, and in the location of the beam,
was noted on a previously uniform sample.
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In an attempt to circumvent the problem of apparent sample
changes due to electron bombardment the following procedures were
initiated:

(i) The sample positioning system described in Section II.2b
was devised.

(2) Collection of AES spectra was minimized and done only at
a few stages of sample formation.

(3) Photoemission data was collected at several sample loca-
tions. AES data was collected at a location equiva-
lent in yield but removed from other locations needed for
subsequent sample formation and analysis. (Acquisition
of yield data had no measureable effect on the samples.)

(4) When AES spectra were collected the time of sample
exposure to the incident electron beam was minimized.
Sweeps of the AES analyzer were made only through re-
stricted electron energy ranges where AES peaks were
expected or suspected, and the sweep speed and direction
were kept carefully uniform from one data run to the next.
Sweep speeds were maximized, with some compromise of AES
analyzer resolution as a result.

As stated and shown above there was a inconsistency in the
evidence supporting the idea that AES analysis results in sample
changes. Some samples appeared to have stable spectral yield and
AES results under electron bombardment, but most of the early
evidence implied sample changes were occurring. It should be
noted that changes in the AES peaks or spectral yield of a sample
due to electron bombardment occurred in unison. There was no
example of a change in one without a change in the other. However,
the changes in AES spuctra and spectral yield data were not always
proportional.

Investigation of the inconsistency in the data finally led
to the conclusion that electron bombardment caused heating of the
samples, and this heating did or did not cause the aforementioned
changes depending upon sample conditions. Direct proof of the
heating effect came from substrate thermocouple readings taken
before, during, and after electron bombardment. The electron
beam was positioned at several points on the substrate and readings
were taken for each beam position. The resuls are shown in Figure
61 and can be summarized as a 15 - 16°C substrate temperature
rise when the beam was positioned on the upper half (where the
thermocouple was located), and a 141C rise when the beam was
positioned on the lower half.

The sample with the highest spectral yield in these studies,S20(24)-K(2), was not affected by electron bombardment. The

stability of its spectral yield and AES peaks are illustrated in
* Figures 62 and 37. Note that (Figure 62) the spectral yield

"curves before and after 15 minutes of electron bombardment are
almost identical. In Figure 37 Curves Csl and K1 show AES peaks
for Ca and K from the first sweep of the AES analyzer. Cs2 and
K2 show the same peaks after 12 minutes of electron bombardment.
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Comparison of Curves Csl and Cs2 or Kl and K2 shows no change.
From earlier samples it ha., been found that the Sb and Na AES
peaks were not particularly sensitive to electron bombardment so
these peaks were not checked a second time. It should be noted
that the substrate was heated during the deposition of this sample.
Heating during or following depositions was always found to elimi-
nate subsequent changes due to electron bombardment. Many stages
of S20(24) and other samples also displayed the stability illustrated
in the examples above.

7. AES results and bulk conditions

a. Information contained in AES results concerning
bulk conditions

Although AES analysis was sensitive to only the first few
atomic layers of a sample (as explained in Section 1I.5c), the
AES results from the alkali antimonide samples in these studies
were sometimes indicative of conditions in the bulk. Part of the
evidence relating the AES results with bulk conditions was derived
from AES peak changes as a function of heating S20(24)-K(2).
Figure 55 shows that the surface region of this sample was quite
uniform before heating. On the other hand, Figures 63 and 64
show that heating caused large changes in the K and Cs populations
at the particular location sampled. The population changes due
heating were much larger than any population differences tound
among the five locations checked before heating. Note also in
Figure 64 that the K AES peak goes through two maxima, and the
Cs AES peak through two minima, due to the heating. These
phenomena would be difficult to explain by surface diffusion.
However, they could be explained by diffusion of waves of
alkali metals from layers within the bulk. of interest in this
connection is the deposition schedule for S20(24)-K(2). This
schedule was Sb(l), K(l), Sb(2), Na(l), Sb(3), and the K(2).
Both the KU) and K(2) depositions were contaminated with Cs
from the K channel. A schematic representation of the deposition
schedule is shown in Fiqure 65A. It will now be argued that the

't depositions probably resulted in the layered structure shown in
Figure 65B. For most of the samples in these studies the Sb(1)r. and K(l) depositions were made with the substrate at room tempera-
ture. As a result of the K(1) depositions the photoemission of
the sample changed to a level indicative of K3Sb, and much greater
than would be expected from K alone. This is taken as evidence
that K was reacting with Sb at room temperature to form K3 Sb.
"This reaction occurred within the time (usually less than one
minute) necessary to move the samples from the deposition positio
to the photomeasurements position. From a study of Na3Sb, Visher 9h
reported that the reaction of Na and Sb was complete at room
temperature. Thus there is evidence that some alkali-antimony
reactions occur* and may be complete, at room temperature. From

* Commereial producers of alkali antimonide photocathodes are
often insistent that heating is necessary for alkali antimony
reactions because, in commercial production# the alkali metals are
only introduced at elevated temperatures. In addition the
elevated temperatures are thought to be necessary to speed reactions
and to prevent excess alkali metals from shorting electrodes in
the tube assembly.
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this evidence it is argued that S20(24)-k(2) was a layered structure
as shown in Figure 65B. At Data Point 1 of Figure. 63, however, Na
was present, and this indicates some mixing of tli layers. Cesium
is shown as free Cs in Figure 65 because Lt is not known whether
it was combined with Sb. Note in Figure 65B that there were two
layers containing K and Cs, and diffusion from hese layerri could
account for the double extrema in Figure 63.

Alkali metal diffusing from the bulk to tLe sample surface
woald evaporate readily at the elevated temperatures applied to
S20(24)-K(2), and the entire vacuum chamber would Le a sink for
the evaporated material. The mass spectrometer shown in Figure
10 was employed to test for alkali species -leavinq due to heating,
but no evidence of same was found. It is probable that the con-
centration of alkali atoms leaving the sz.,mple was below the
sensitivity threshold of the mass spectrometer.

The important conclusion from this discussion is that the
changes in the AES peaks of the constit~aents shown in Figure 63
can be explained by diffusion of alkali from the bulk. This
suggests that the alkali/antimony ratio in the bulk was reduced
by sample heating.

Note in Figures 63 and 64 the steady increase in the height
of the Sb AES peak as a result of heating. This indicates that
the alkali/antimony ratio was steadily decreasing in the surface
region. The vapor pressure curves for Sb, Na, K, and Cs shown
in Figure 18 show that the vapJr preshure of Sb is several orders
of magnitude below those of tý-ie three alkali metals. It is
therefore probable that Sb would be steble while the alkali
metals were evaporating fror- the sample.

Thus the evidence from tha heatirnq of S20(24)-K(2) shows
that the alkali/ant.mony ratic. was decreas.in in the surface
region of the samp.'e. As was argued above, a similar change
was occurring in the bulk, Othee eviden'!e relating AES results
and bulk condit.ions is discu%,sed ii) Section I.7c.

b. Calibration of the S1 AES peak height vs. alkali/
artimony ratio

Results from S20(21)-Na(l), and from Na3Sb reported by Fisher, 2 9

provided a first appro:.imiation calibration of thu height of the
Sh AES peak corresponding to Na3Sb. Figure 44 shows a comparison
of the spectral yield rasults for Na3Sb reported by Fisher with
those of S20(21)-Na(l). Fisher's control of the stoichiometry
"of his samples was precise, and in his experiments, depositions
of excess Na on Na3Sb resulted in the appearanvo of a "knee" in
the threshold region of .the spectral yield curves (as shown in
Curve B of Figure 66). Note in Figure 44 that the spectral
yield curves for S20(21)-Na(1)-5,6 demonstrate a similar knee,
and that the photoemission in the threshold region was above that
reported by Fisher for Na 3 Sb, For spectral yield Curve S20(21)-
Na(1)-7 however, no knee is present, and the curve lies wholly
below Pi eras results for Na3Sb. It is argued that between
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Data Point 6 and Data Point 7, S20(21)-Na(l) passed through the
Na3 Sb stoichiometry. It is further argued that the AES results
for Data Points 6 and 7 should give the bounds on the Sb peak
height for 3Na/Sb. A summation of the AES results from
S20(21)-Na(l) is shown in Figure 67. On the same scale for the
Sb peak height shown in Figure 67, the height of the Sb peak from
S20(21)-Sb(l) (clean Sb) was 118 units. Assume for now that
the surface composition [indicated in the AES results from
S20(21)-Na(l)] persisted throughout the bulk. Then the AES
results at Data Points 6 and 7 (corresponding to the spectral
yield arguments of the preceding paragraph) should give the
bounds on the Sb peak height corresponding to Na3 Sb. Expressed
as a fraction of the clean Sb peak height, these bounds are
26-36%. Arguments supporting the validity of the assumption made
here are presented in Section III.7c.

c. The alkali/antimony ratio as a function of heating

Except for the evidence from S20(2l)-Na(1) (discussed in
Section III.7b) there was no calibration of the height of an
AES peak vs. constituent population. For this reason, and because
the sensitivities of AES analysis to the three alkali constit-
uents are different (see Section II.5c), the Sb peak was chosen
as the monitor for the alkali/antimony ratio.

Plotted in Figure 68 are the Sb AES peak heights (in percent
of the clean S:' peak height) for various stages of samples
S20(21), S20(24), and S20(25) vs. heating temperature. All
values shown in a column above a temperature were obtained at the
temperature indicated at the center of the column.

Assume for now two conditions:

1) The 3Na/Sb calibration point discussed in Section III.7b
is applicable to other samples including K and Cs as well
as Na and Sb. The bounds of the calibration are shown
by the dotted lines in Figure 68.

2) The AES results are indicative of bulk composition.

The validity of these assumptions will be discussed later in this
section. Using these assumptions the data in Figure 68 indicates

*1 that heating alkali antimonide films (for films that are alkali
rich before heating) to temperatures <2000C leaves them alkali
rich, while heating them to temperatures >2000C produces an anti-
mony rich film. This is an interesting result in the light of
normal commercial formation of Na2 KSb(Cs) photocathodes.

Recall from the discussion in Sections 1.4 and 1.5 that:

1.) The 2Na + K3Sb 2 2K + Na2KSb stage of formation would
* leavc an alkali rich material unless there was some

* .mechanuism to remove the K displaced by Na.
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2) The temperature used in the formation step listed in 1)
above is 220'C.

3) Na2KSb of high photosensitivity is "p" type due to a
stoichiometric excesss of Sb, and has a densely packed,
cubic crystalline structure.

48
Sommer has theorized that the cubic phase alkali antimonide
materials are "p" type because there is no room in the closely
packed cubic lattice for interstitial alkali atoms. In many
private conversations, commercial producers of Na2 KSb(Cs) photo-
cathodes have stated that heating to temperatures of at least
200 0 C, and preferably 220 0 C, is essential for production of high
sensitivity films. The 200 - ?201C temperatures used may be
required to remove excess alkali so that a stoichiometric excess
of Sb can be achieved. The removal of excess alkali atoms
(potential interstitials) might also facilitate recrystallization
to the more closely packed cubic form. The correlation between
the data in Figure 68, and the normal temperatures used in
commercial formation of Na2 KSb(Cs) photocathodes, supports the
validity of the assumption relating AES results and bulk composi-
tion.

Included in Figure 68 are results from many sample stages
containing K and Cs, and none of the AES spectra from these
stages showed a peak for Na as tall as those in the spectra
from S20(2i)-Na(l) (Figure 67), the source of the 3Na/Sb calibra-
tion. No AES spectra, except that from S20(21)-Na(l), contained
peaks for only Sb and Na. After heating two sample stages
[S20(25)-Cs(l), Figure 49; S20(25)-K(l), Figure 721 there was no
Na peak present in the IES spectra at all. If the assumption
concerning the more general applicability of the 3Na/Sb calibra-
tion was not valid, one might expect a large dispersion of the
data points in Figure 68. No serious dispersion is present,
however. Thus the grouping of the data in Figure 68 supports
the validity of the assumption.

Additional support for the validity of applying the 3Na/Sb 36
calibration to samples with K and Cs comes from studies by others
of controlled alkali depositions on ordered Ge substrates. Results
from these other studies indicate the reduction of the Ge AES peak
was similar for the same coverage by Na, K, or Cs, as shown in
Table H.

Table H3 6

Substrate Alkali I Monolayer I Reduction of Ge
Coverage AES Peak Height

Ge(lll) Na 100 33 - 38

Ge(l00) K 100 40 - 50

Ge (100) Cs 85 40
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This suggests that the effect on the Sb AES peak height should be
similar for equal populations of Na, K, or Cs in the samples in
these studies.

The possibility that the duration of the heaLing periods (in
addition to the temperature) might be a factor in the distribution
of the data points in Figure 68 was considered. The durations of
the heating periods are listed with every figure showing a s.immation
of AES results, and a summary of their variation is shown in
Figure 69. As an example, note in Figure 69 that at 175 0 C, the
duration of the heating periods ringed from 10 minutes to over
25 hours. Then note the grouping of the data points at 175 0C
in Figure 68. Similar checks at other temperatures suggest that
thp data points of Figure 68 were independent of the duration of
the heating periods.

Four data points in Figure 68 (shown as A's) are somewhat
divergent from the normal pattern, and all were results from
S20(25)-Cs(l). It will be argued below that the AES results
(Figure 49) suggest that this sample was already alkali deficient
for 100 and 150 0 C temperatures, and that this would have produced
the unusually high data points in Figure 68. Recall from the
discussion at the beginning of this section that the Sb AES peak
height was chosen to monitor the alkali/antimony ratio in the
samples. For evergy sample, except S20(25)-Cs(l), the first
heating of the sample resulted in an increase of the Sb AES peak
height. Examples of such increases are listed below in Table I.

Table I

Sample Figure Number Data Points

S20(2f)-Na(1) 67 4 to 5

S20(24)-K(2) 63 1 to 2

S2 20(25)-Cs (2) 76 1 to 2

Similar increases in the Sb peak height also occurred in almost
every case of the first heating of a sample at a higher tempera-
ture. These Sb peak height increases are interpreted a3 an
indication that the samples were alkali rich (at least for the
particular temperature) before the heating was begun. However,
the results from S20(25)-Cs(l) (Figure 49) show a slight
decrease in the Sb peak height with the first heatingatLLocation
A, and the first two heatings at Location B. This decrease is
interpreted as an indication that this sample was alkali deficient
(for 100 and 1500C temperatures) before heating was begun. A
diffusion of alkali to the surface, or a redistribution of alkali
due to surface diffusion, might be the reason for the Sb peak
decrease. The important point to not* is that the alkali/antimony
ratio did not decrease (compared to the ratio before any heating)
with the first two heatings of 820(25)-Cs(l).
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The formation cf !20(24)-K(2) (the sdmple stage with the
hilhest spectral yield found in these studies) appeared to contra-
dict the arguments presented at the beginning of this section that
3 v•inimun temperature of 200 0 C is necessary to form a high
sensitivity Na2 KSb(Cs) phtocathode. Temperatures of e175 0 C only,
were used in its formation. However, the Sb depositions for the
formation of this sample stage were much larger than normal, and
the sample was probably antimony rich as a result. This suggests
that formaticn of Na2 KSb(Cs) photocathodes would be possible at a
temperature of 1756C, and perhaps at lower temperatures, if the
formation was approaced from an antimony rich standpoint. Approaching
the fir-.ation in this manner, however, would not be practical
for commercial r-oduction b-cause of the limited control of the
alkali depositions. Attempting to achieve the correct proportions
of Na and K in the photocathodes almost inevitably results in
excess depositions of alkali metals, and so-to mechanism (heating)
is required to remove this excess.

If Na2 KSb(Cs) photocathodes could be formed at roum temperature,
some heating might still be necessary to achieve the desired result.
McCarroll 4 ' reported that Cs 3 Sb depostied at room temperature was
polycrystalline, and annealing to -2000C was necessary to produce
a cubic crystal lattic with high photosensitivity. If annealing
would be necessary for Na 2 KSb(Cs), the results from S20(24)-K(2)
suggest that a temperature no greater than 175 0 C would be
required.

d. The alkali/antimony ratio of the sample with the
highest spectral yield

The discussion in Section III.7c suggests the 3Na/Sb calibra-
discussed in Section III.7b might be applicable to samples con-
taining K and Cs as rell. Therefore this calibration will be
applied to the sample with the highest spectral yield found in
these studies [S20(24)-K(2), Figure 28, Curve D, 130A/lumen].
The AES spectrum coincident with the highest spectral yield is
shown in Figure 37. The AES spectrum from S20(24)-Sb(l) is shown
in Figure 39. The Sb peak in Figure 37 is 17% of the height found
in the clean Sb case. The 26-36% calibration for 3 alkali/Sb
suggests the sample was alkali rich at the time of its highest
yield. However, the high photosensitivity found in this case is
normally associated only with "p" type materials that are antimony
rich. Thus the reduced Sb peak in Figure 37 is interpreted to be
an indication of an alkali overlayer on an antimony-rich bulk.
Peaks for Na, K and Cs are all found in Figure 37 soit is not
possible to say whether the overlayer contained one or more
alakli species.

Many of the data points'in Figure 68,a:at temperatures < 200 0 C,
indicate an alkali/antimony ratio > 3/1.' These data points may
well reflect bulk condiioibn , and not jtss an alkali oVerlayer.
Only in the case of S20(24)Y-K(2) was the photosensgitiviy high'
enough to indicate the presence of ahtimony-rich (p-type, cubic)
conditions in the bulk.
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8. The stability of the alkali constituents with the
deposition of other alkali species and heating.

As discussed in Section TII.7c, the alkali/antimony ratio in
the samples was reduced by heating; the higher the temperature,
the smaller the total alkali population. In this section it will
be argued that the relative populations of the alkali constituents
may have been factors in determining which alkali specie was
removed from the samples because of heating, and which remained.
Of course, the relative populations of the alkali constituents
changed with alkali depositions.

The AES results obtained after heating the samples in these
studies ran counter to expectations based on the breakdown tempera-
tures found for monoalkali antimonide photocathodes. Commercial
producers of alkali antimonide photocathodes have found a hierarchy
in the breakdown temperatures of their monoalkali antimonide
products. 1 8 The photoemission of Cs 3 Sb deteriorates at a lower
temperature (l100 4 C) than the photoemission of K3Sb(200'C), and
the photoemisssion of K3 Sb deteriorates at a lower temperature
than that of Na 3 Sb (-280-3000C). The breakdown in the photo-
cathodes is assumed to be the result of alkali atoms leaving the
films. Because the breakdown temperature hierarchy follows a
pattern parallel to that of the differences in the vapor pressures
of Na, K, and Cs (Figure 18), it is thought tha t the two phenomena
are related.18 The breakdown temperature hierarchy hints that,
if one were to heat a sample containinq Na, K, Cs, and Sb, Cs
might leave for temperatures :-1000C, K for temperatures '-2009C,
and Na for temperatures N300C. This was not found in the results
in these studies as is illustrated by the oata in Figure 77. Of
all the examples in Figure 77 those contrasting most with the
expectations from the breakdown temperature hierarchy are the
results from S20(25)-Cs(l) ani S20(25)-K(l).

In the first case, Cs remained in the sample even aft-z•r
heating at a temperature of 2401C for -7 hours. Both K and N-±
had been present in this sample at lower temperatures, but both.
were eliminated by heating to a tempnraturc of only 200*C
(Figure 49). The possibility that the presence of oxygen as a.-.
contaminant of S20(25)-CS(1) might explain the. post heating
existence of Cs. was considered, because when C is combined wit)-
0 its vapor pressure is reduced significantly.19 However, note
in the summation of AEC results from S20(2S)-Na(l) (Fiqure 74,
Data Point 13) that Cs was eliminated with heating to a tempera-
ture of only 1750C, and oxygen was present in that sample also.
In addition, note in the summation of AES results from S20(25)-K(l)
(Figure 72, Data Points A7 - 4) that there was no apparent correl*-
tion between the 0 and Cs AES peak heights. The information from
S20(25)-Na(1) and K(1) (Figure 74 and 72) .uqqests that thý,
presence of oxygen would not account for the Cs signal remaining
in the AS spectra after the 2400C heating of S20(25)-Cs(l)
(Figure 49, Data Points A7 and 87).

In the case of S20(25)-K(l) (Figures 72 and 73) heating the
sample to 1004C left Cs and K remaining in the sample, but. not
Na. which had been present earlier. The evidence from this sample
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is n(t as d(le-inite ds that from the exampte discussed in the
prt-ecedinc; paraqraph bez-.&use the many K depsitions on S20(25)-K(l)
redticeO the heiqht, of the Sb AES peak enouqh to allow for the
pttssibility ,of ain ove-liyer screening NA that rniqht have been
in the- sample bulk.

Reviewina the examples in Figure 77 it should be noted that
.ill results [except those from S20(2])-Na(l)I contradict the idea
thit only Na would remain in samples heated to temperatures -200 0C
for a long duration.

The contradictions between the breakdown temperature hierarchy
and the results from the present studies might possibly be related
tc the mechanism creating high sensitivity in the monoalkali anti-
monide photocathodes. Support for this idea is presented in the
foilowinq two paragraphs.

To determine the breakdown temperatures of the monoalkali
antimonide photocathodes, changes in the response of high photo-
sensitivity films are monitored. The high photosensitivity of the
commercial samples might be associated with the existence of an
alkali overlayer on a bulk alkali antimonide. Certainly this could
be true of Na on Na 3 Sb and K on K3 Sb. Fisher 2 9 has reported that
excess of Na deposited on Na 3 Sb brought enhancement of the spectral
yield of his samples. Similar results for K on K3 Sb have been
reported by Spicer. 1 4 The case of Cs on Cs 3 Sb will be discussed
later. Now it would probably require less energy to remove an
alkali atom from an overlayer than from the sample bulk. Alkali
atoms that might leave an overlayer at one temperature might not
leave the sample bulk until they are subjected to much higher
temperatures. A difference in temperatures for removal of alkali
atoms from an overlayer and the sample bulk would reconcile the
data in Figure 77 (species remaining at unexpectedly high tempera-
tures) with the breakdown temperature hierarchy.

The case of Cs 3 Sb is considerably different from those of
Na 3 Sb and K3 Sb. Cs 3 Sb is a "p" type, cubic-phase material,
whereas Na 3 Sb and K3 Sb are "n" type and hexagonal. Peak photo-
sensitivity of Cs3Sb is reached for a stoichiometric excess of
Sb. Thus the arguments presented in the preceding paragraph
concerning an alkali overlayer on an alkali antimonide bulk would
hold for Cs 3 Sb only if it were possible to have a Cs overlayer
on a Cs 3 Sb bulk that is deficient in Cs. It will now be argued
that just such a situation can exist.

Support for the idea can be derived from the summation of AES
results for S20(25)-Cs(l) shown in Figure 49. It has already
been argued in Section III.7c that this sample was alkali deficient
before heating was begun. Recall from the discussion in Section
II.5c (and Figure 24) that the escape depth• of the Auger electrons
from Cs at 47 and 565 eV were- 5 A and 10 I respectively. The
shorter escape depth of the 47 eV electrons should make the
corresponding peak height more sensitive to the Cs population in
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the first monolayer of the sample. Now consider the changes in
the heights of the AES ptvdks at the different energies in Figure
49. Note that from Data Points Al - A4 and BI - B4 the height
of the 47 eV peak goes through greater reductions than does the
565 eV peak. This is interpreted to indicate the Cs population
at the sample surface was decreasing more rapidly than the Cs
population in the bulk as suggested above. The sample heating
temperatures indicated in Figure 49 show that. the lar(ger reduction
in the surface population of Cs occurred for heatinq in the
100-200'C range. Once the height of the 47 eV peak stabilized
(Data Points A4 - A7 and B4 - B7) heating to 240*C caused no
larae additional change. Thus the evid,:nce in Figure 49 can be
interpreted to suggest the idea that there was an overlayer of
Cs on a Cs deficient Cs 3 Sb sample, Further, the Cs in the over-
layer was removed at temperatures that did not affect the bulk
Cs to any large extent.

Somewhat aside from the theme of this section, the results
concerning the AES evidence for an overlayer on S20(25)-Cs(li
will be applied to the AES results from the sample with the
highest spectral yield in these studies (S20(24)-K(2), Figure 371.
To do this, an assumption will bemade that there was no overlayer
present at Data Points A4 - A7 and 94 - 87 of Fiqure 49. This
assumption is plausible because at these data points there are
no relative changes of the Cs,AES peaks at 47 and 565 eV. Next
the avvr-qe value of the ratio of the height of the 47 ev peak
to that of the 565 eV peak (47 eV/565 eV ratio) at Data Points
A4 - A? and B4 - H7 was found to be, 2. At Data Points Al - A4
and 1! - B4 the 47eV/565eV ratio is - 2 and this will be inter-
preted to show that a Cs overlayer exists. Now this criterion
will be applied to the Cs peaks in Figure 37. Note first that
the At. analy-er sensitivity for the Cs AE.S peaks in both
Figure 37 and Figure 49 is the some. in Figure 1; the 47eV/565eV
ratio is 4, and this sugqests an overlayer did exist on the
sample with the maximum spectral yield found in these studies.
In addition it can be said that Cs was a part of the overlayer.
This evidonce, however, does not-exclude the possibility that
Na and!or K were also part of the overlayer.

Now the discussinn will return to the. min theme of this
section. ThI evidence that a Cs overlayer can exist on a Cs
deficient Cs3Sb bulk allows the arguments applied oarlier to
Na3 Sb and K3 Sb to be appliod also to Cs6,b, These arguments
are that the photoresponse of the alkali antimonide photocat•ndes
is associated with an alkali overlayer on a M3/Sb bulk. The
atoms in the overlayer wilt leave at a lower temp.rature than
the same specie in the bulk. Thits the apparent conflicts between
the breakdown temp4.rature hierarchy and the results from these
studies can be reconciled. All this argument goes back to the
discussion of the data in Figure 77 shovin, that temperature
aloine would not determine which alkali specie would leave a
sasple if it waS heated. In the re*lowing paragraphs, examples
and arguments will be presented to support the idea that the

Srelative populations of the alkali species may be factors in
determining which speciewili leave as a resUlt~of sample heating

. 1 Tho examples will be presented first.



The summation of AES results from M20(21)-Na(l) (VFjure 67)
indicate that excessive deposition of Na and subsequent heating
of a sample oriqinally consisting of K, Cs, and Sb could result
in displacement of both K and Cs from the sample. The Na(l)
deposition was excessive because puddles (as discussed in Section
111.4) appeared on the sample surface. Note in Figure 67 that
the AES results were collected in two locations, but that is not
considered critical to this discussion. The centers of the two
data collection locations were 2 mm apart, and the 1.5 mm diameter
of the electron beam caused a large overlap in the effective size
of the two locations. In addition, a comparison of Data Points
2 and 3 shows little change in the AE:S peak heights accompanied
the change in measurement location. After the second sample
heating, (Data Point 6), the Sb peak was larger than before the
Na deposition, thus eliminating the possibility that a Na over-
layer masked K and Cs that might have been in the sample. Further-
more, there was a K AES peak in the spectra at Data Point 2,
after the deposition. Also note in Figure 67 that from Data Point
6 through 10 only peaks for Na and Sb were in the AES spectra.
Both AES results and spectral yield data indicated K and Cs were
present before, at the S20(21)-K(3) stage, so their disappearance
could not be due to diffusion into the bulk. Thus the AES
results from S20(21)-Na(l) suggest that K and Cs were removed
from this sample by a combination of heating and an excess of
Na. A review of the data in Figure 77 will show several
samples [S20(24)-K(2), S20(24)-Cs(2), S20(25)-Na(l), and
S20(25)-Cs(2)] that contained Na at the end of heating, but only
in the case of S20(21)-Na(l) was there apparently enough Na
to eliminate all the K and Cs. This idea is supported by noting
that the Na AES peak was larger in the spectra from S20(21)-Na(1)
than in the spectra from any other sample.

From another example, S20(25)-Cs(l), Figure 49, came results
that suggested both K and Na could be eliminated from a sample
by a combination of heating and a large initial Cs population.
Both these first two examples suggest that an excess of one
alkali specie might result in the elimination of the other two.

In other cases, especially S20(24)-K(2) (Figure 63), the
AES results suggested there was a limit to the ability of K and
Cs to displace each other. Note in Figure 63 that the Cs and
X AES peaks fluctuate through multiple extrema as a result of
heating. The Na AES peak height was quite stable so only the
K - Cs dynamics will be considered. If K could always displace
Cs, or vice versa, then the AES peak of the dominant species would
have grown at the expense of the other as waves of Cs and X
moved from the bulk of this sample as discussed in Section 111.7a.
Howdver, .because AES peaks for both K and CS are left at the
end of the sample heating there must have been some limit to
the ability of each to displace the other.

The unique flexibility in the formation of K2 CsSb photocathodes
correlates with the idea of a limited K-Cs displacement. These
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photocathodes can be formed by reactinq either K with Cs 3 Sb, or
Cs with K3 Sb. The result in both cases is K2 CsSb which is a
preferred stoichiometry for a combination of K, Cs, and Sb.

Another result relating alkali specie populations before
heating with the specie remaining after heating comes from a
review of all the AES results from the sampl,!s listed in Figure
77. Such a review shows no case where peaks for only Na, Cs,
and Sb were found in the AES spectra. In every case that both
Na and Cs were present in a sample, K was also present. Similar
evidence has been obtained from studies of alkali antimonide
compounds 1 8 where stable compounds such as Na2 KSb and K2 CsSb
have been identified, but no stable compound such as Na2 CsSb
or Cs 2 NaSb.

The examples presented above do suggest that the relative
populations of the alkali constituents can be factors in deter-
mining which specie leaves if a sample is heated. Now a few
remarks will be made about the physics that might be involved.

A specie, or species, might be subject to evaporation from
a sample because it is excluded from the bulk crystal lattice
which, in turn, is determined by the relative populations of the
alkali constituents. Recall from the discussion in Section 1.5,
(and Figure 7), that trio crystal phase of the Na3 _xKxSb system
is subject to change from hexagonal to cubic form depending upon
th% Na/K ratio that is present. Others have also considered a
possible relationship between alkali population and cryrtal
structure. For instance, McCarrol1 5 0 has theorized that the lack
of a stable comDouind combining Na, Cs and Sb is due to the large
difference in the sites of the Na and Cs atoms. The size difference
is thought to put excessi%; demands on the bonds available in
alkali antimonide compounds.

5oftmer 1 8 has theorized that the limited K - Cs displacement-
in the formation of K2CsSb photocathode is related to the
crystal structure of that material. K2CsSb demonstrates very high
resistivity if precise stoichiometry is obtained, and high
resistivity in semiconductor materials.is generally thought
to be a reflection of a lack of defects in the crystal structure.
Unfortunately, no information concerning the crystal structures
of the samples was aVailable in these studies.

IV. CONCLUSIONS AND SUGGESTIONS FOR CONTINUED INVESTIGATIONS

At the beginning of these studies it was speculated that
application of Auger electron upectroscopy'might provide informa-
tion concerning the formation of Na2KSb(Ce) photocathodes. It
is the opinion of this researcher that sene nev insight was
achieved, and comments about the results from these studies,

- "and about the example questions posed in SeCtion 1.6, are
included in the following paragraphs..
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1) (See Section 111.2) The substrate material* might not
be a significant factor in the control of Na2KSb(Cs) photocathode
formation. Although commnercial production does not use Ta sub-
strates (as used in these studies) , the lack of sample contamina-
tion by carbon and oxygen (contaminants of the Ta substrates) may
have implication for commercial producers. Carbon and oxygen
are highly probable contaminants of many substrate materials.

2) (See Section 1.6) Comments regarding a possibl~e role for
oxygen in the formation of Na2KSb(Cs) photocathodes can only be
made in a negative sense. In the AES spectrum from the sample
with the highest spectral yield found in these studies [S20(24)-K(2),
Figure 37], there was no peak for oxygen. One can say that oxygen
is not required to achieve hi~h photosensitivity.

3) (See Section 1.6) Remarks regarding surface contamina-
tion must also be made in a negative sense. Very little contamina-
tion of the Ramples 'occasionally oxygen) was encountored. No
evidence of contamination was found in the case of the highest
spectral yield.

4) (See Section 1.6~) There was no exploration of the
question regarding photocathode fatigue.

5) (See Sections 111.7 and 111.6) Although AES is
normally only associated with identification of species on the
surface region of a sampl~e it might also provide information
cincerning bulk composition as was the case in these studies.
AJES can be used to study alkal~i antimonide materials, but care
must be taken to see that the samples are not~ changing as a
rasult oi. the analysis technique.

6.). (See Section 111.7c) The. need for heating the samples
tatleast20*'t th 2a+ r3Sb* 2+ Na2K~b stage of

jformAtion appears to be related to the need to produce an anti-
mny rich sample# which is rolated to a cubic crystal structure,

*p'" type corpductivitty and high photosensitivity. HIigh sensi-
tivity can also bo achieved with heating to 1754C (and perhaps
t1156c) if excess Sb it deposited during formation.

7) (See Section 111.8) Tt Is possible that the problems
iwith control of the. threshold rogion response of Na2X~b(Cs)

Photocathodes are ,0associated wisth the existence of an alkali
overlayer. Trhe resultv of those studios support the idea that
there iB an lkl overl-ayer on samples with high photosensitivity.
The number* and p.wrhaps' spcie# of overlayer atorms might be+.

4)~ vmuup~tions are wade -that the substrAte. .Muaterial does not
reAc~t with the ph*.tocathode consti4tuentd, atid it cleaned for

U:81od in an: 4tra high vacuum 40VIroment.



subject to sample temperature and crystal structure. (The crystal
lattice can affect the binding sites of the overliyer atoms.)

8) (See Sections T11.8 and III.4) The success of an attempt
to deposit an alkali specie on a multialkali sample (especially
if the substrate is heated) would probably be affected by the
same factors that determined which alkali specie left a sample
when it was heated (the temperature and the relative populations
of the alkali constituents). This might explain some of the
inconsistencies found in commercial production. The same
deposition procedure may be successful or unsuccessful depending
on the consistency of the output of the alkali source, and perhaps
the success (or lack of success) of previous alkali deposition
attempts. This entire matter could be even more confused if the
alkali source outputs are cross-contaminated with other alkali
species as was found to be the case in these studies.

9) One important conclusion is general and could easily
be overlooked. That conclusion is that N2 KSb(Cs) photocathodes
of high sensitivity can be successfully deposited in a large
ultra high vacuum chamber as used here. This had not been
achieved previous to these studies. A large experimental chamber
allows for the use of many analytical instruments for the study
of the films. These remarks lead quite naturally to suggestions
for continued iivestiqations, If studies of Na 2 KSb(Cs) photo-
cathodes are continued, analytical tools other than AES should
be considered. Compared with AES, improved sensitivity to the
chemical composition of only the first atomic monolayer could
be achieved (ISS), or information regardin' the chemical bonding
in the samples could be obtained (ESCA). In short, other
analytical tools could provide much new information that might
be of value ir understanding the Na2 KSb(Cs) formation process.
The present approach using AES could certainly be continued. In
this area a cslibration of the AES peak heights for Sb and K or
Cs for K3 Sb ond Cs 3 Sb (similar to the 3Na/Sb calibration discussed
in Section III.7b) would be of value in analyzing the AES results
from the multialkalt samples. More analysis using the relative
changes in the Cs AES peaks at 47 and 565 eV could be used to
see if Cs is the most significant (or only) constituent of the
alkali overlayer on Na2 KSb(Cs) photocathodes of ever higher
protosensitivity. Of course samples with a range of high sensitivities
would be required for this, and that brings up the final remark
reqarding further investigations. No matter which method of
sample analysis is chosen, a todification of the sample formation
"apparatus should be done to -Allow for continuous monitoring of
sample photoemission during oonstitueht depositions (as discussed
in Section I1l.1). The present deposition and monitoring scheme
is too cumbersome, and the success of sample formation too sub-.
Ject to chance.
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WHITE LIGHT ALKALI METAL DISPENSERS

SOURCE FLAMENTCOLLECTO R w""as

Sb EVAPORATOR INTERNAL SEGMENTS SUPPORT
OF CHAMBER HEATER RODS

SIDE VIEW- SECTION THROUGH CENTER

EXTERNAL HEATER NOT SHOWN

Figure 14 Deposition chamber.
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COLLECTOR ."- -..'.• G2

-SAPPHIRE
WINDOW

Ori

Figure 20 Hemispherical grid system for photoemission

measurements.

70

1.. .. . .



-V4

0- ft

711



00

I- 4P

zw >

ww

o 0
W 

E!J

J 0 0
WI-W

00

$4J

0

CN

/ +,
II

72



w

0 0zi. z

14.

0)

r.i
0

j 4~

..4 .

04 0-
00n

00 :3

I>+

<Iw



Element Energy of Atomic shells Escape
AES peak (eV) involved in depth of

Auger electron Auger
emission electrons

Sb 455-465 MNN 9

Na 990 KLL 12

K 250 LMM 7

Cs 47 NOO 5

Cs 565-575 MNN 10

Ta 160-180 MNN 5

0 515 KLL 9

C 275 KLL 7

Cl 18G LMM 5

S 150 LMM 5

N 385 KLL 8

I I

Figure 24 Information regarding principal Auger electron energy
peaks found in these studies.
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UNIT CELL OF No2 KSb

*-Sb , O-K , &-No

T I

UNIT CELL OF No3 Sb AND HEXAGONAL K3 Sb

*- Sb, 0- No O K

No3Sb

K3Sb

. Figure 25 Crystal lattice structures for Na3 Sb, K3ft
and Na2 KSb.
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4

suBSTRATE PHOTOCATHODE FILM

LIGHT PHOTOELECTRON
- - - - - - - -- -- 0 a

ATMOSPHERE 4- VACUUMS"I I

Figure 26A Transmission mode application of photo-
cathode.

SUBSTRATE PHOTOCATHODE FILM

LIGHT

PHOTOELECTRON

-•6

VACUUM

Figure 26B Reflection mode application of photo-
cathode.
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*AV A-S20(2)-Cs1I)
SI 266011

w 8-S20(9)-Csl.) a o a a
273072

DI 0 C-S20(20)-Cs(I) 0 a0 0
283053

D-S20(24)K(2)
* 286020

I0 2 3 4 5

PHOTON ENERGY (CV)

Figure 28 Spectral yield results for samplies on
differing substrates.
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No2 K Sb- SPICER14

I0

0

62 /-0K Sb 3
I/RSPICER]

iN, /

), K•$ II DICKEY4u
a I

li

- • -

0 3i 4

I!

L. II

r 4I I
I

• . PNOTON ENERGY (eV)

ill Figure 42 Spectrai yield curves for K, Na. K3 Bb

and Na2KSb.
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276050

S20(12) - K(3)
z N03.X Kx Sb

-I/
I0

0

162.
z

z 063 S200 2)- Cs(I)
r~PUDOLýES

Co.)

0 1 2 3 4 $

PHOTON ENERGY (OV)

Figure 43 Change in spectral yield with excessive
i!• . Ca deposiLt ion.
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I

284018
A- No3 Sb, FISHER 29 S20 (21)-No(I)

8 o S20(21)-K(I), BEFORE
No(I) DEPOSITION

I0 5,6,78,9,10 DATA POINTS A
z OF S20(21)-No(I)

0z

0 K 7

0 0 8,9,10

wI
taJ

w-aJ

d4.

A 
,

PHOONENERGY leVI

!Figure 44 Changes in spectral yield of S20(21) due
Sto Ka(l) deposition and subsequent heating.9
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284016

SAMPLE S20(21)-K(I).*.*.

SPICER14 K3 Sb
JEANES20 K3 Sb SINGLE

CRYSTAL CLEAVED
IN VACUUM ------

z

>. 10

100

I

.,C I

I

0 1

• I

• I

I

I
-I

g
I

0 2-3 4 5
PHOTON ENERGY (*V)

Figure 45 Spectral yield results of S20(21)-K(l)
and those of K3Sb reported by Spicer
and Jeanes.1. 95
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400 600 8oo 650
8 I

AG.
6

TOTAL
4 GASES No CHANNEL

Co

2 Co 2 1,-

2 3 4 5 6 7 6

A.G.2 ALKALI
TEMPERATURE (C) GENERATION

400 600 So0 650

I TOTAL
1 GASES K CHANNEL

CO2  N21 2 2

2 3 4 5 6 7 6

CHANNEL CURRENT (AMPS)

0400 O060 6Oo

A.&.

4 'TOTAL C N
•,.. • .. •CASES• 

I Cs C14ANNEL

2 / 1 fG~ t 7 NO22

04
2 3 4 5 6 ? 0

Figure 47 Contaminant qasge output of alkali
dispenser channels.
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273004

S20(8)-Na(I)

ESTIMATED OUTLINE OF SAMPLE

0.05 0.06 0.06
x x x

0.04 0.07 0.30 0.05

r-X- - - -X - K-- -K - -

r x-------x x x x - 'I0.1 0.34! 0o7 0.57, o.66(o.73 0.7 077 0• .79, 079, 0.67•, IQ450
,, 0.7

048 / 0.85 0.90 0.94I K K K K I \II i / 
x I

10o.8".06.9

0.14 0.41 0.6940.851/0.92 0.97 .0 0.99 0.97,' 0.87 ;: O63 P.26 0.06
I I

x ,xl x x x x L, x;x
I, iOO / I

0.071 9 0.94 0.94 /0.85
-'I * %% ",, •' ,, i: I

S!I 0.10 0.16 0.22 0.28 0.34 0.39 0.38 0.27 0.15 I
.. . ." I K K K K K ,.L.. K K I

Lb__i o. --o"" o o A ,~
x x 9I

SIZE OF LIGHT BEAM- 1

Figura 48 Map of relative quantum yield of
S20(8)-Na(l).
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Data Point Event Prcceding Data Point

Al Cs DEPOSITION

A2 Heating 100°C (19:50) (Hrs:Min)

A3 Hleatinci 150'C (20:40)

A4 Ile-ating 200'C (23:30)

A5 Heating 200'C (17:40)

AG Heating 240W'C (17:55)

A7 Heating 240'C (19:25)

B1 Cs DESPOSITION

B2 Heating 100WC (19:50)

B3 Hleating 150WC (20:40)

B4 Heating 2000C (23:30)

B5 11catinq 200'C (17:40)

B6 Heating 240*C (17:55)

87 Heatinq 240*C (19:35)

Figure 50 Schedule of heatinq terperatures and duration of
heating periods for S20(25)-Cs(1).
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"10

0I 2 3 4 5

PHOTON ENERGY (*V)

Figure 51 Spectral yield results from two locations onS2O(25)-Cs(l).
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286076
S20(25)-K(1)

z Al
10I

A2,A3
S-2382,83

A4t5
84,5

fA6,7

w

%00

.1 " 0 I 2 3 4 5

PHOTON ENERGY (CV)

Fiqure 53 Spectral yield results from two locations
on S20(25) k(1)
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286020

C5CI,C2,C3•

I01 S20(24)- K(2)

C.j

w

ids

id

0 2 34
PHOTON ENERGY (,V)

Figure 54 Spectral yield results from five locations
-- on S20 (24)-K(2).
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284025

BEFORE AES ANALYSIS * $20(21)-K(2)

AFTER AES ANALYSIS x

Al/.,

S/ i/
1~0

j
w
fo

U .. .. . . • .. ../ . . • . .

0 I 2 3 4 5
PHOTON ENERGY (WV)

Figure 58 Spectral yield changes due to electron

bombardment of S20(21)-K(2).
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284033

S20(2i)-K(2)
BEFORE AES ANALYSIS *

AFTER AES ANALYSIS '

6I

wa

..
wS

.J

ta51

0 1 2 3(

,.,WO ENEWG (or)

SFigure Stability of spectra' yield of S20(21)-K(2)

under electron bombardment.
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504018
A - No3 Sb SINGLE CRYSTAL

AFTER CLEAVE IN UHV2 0

8 - SAME No3 Sb SINGLE CRYSTAL

AFTER AES ELECTRON

BOMBARDMENT'

A

0 04O
S° 0

I-0
0 o t

6. 000

0

a *0

to

so

0 I 2 3 4 5

PHOTON ENERGY (*V)

Figure 60 Spectral yield results from single crystal
Na3Sb before and after electron bombardment.
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286066
THERMOCOUPLE

POSITION

B BC

AES. INCIDENT7
ELECTRON BEAM

POSITIONS

F G

MAP OF SUBSTRATE

ELECTRON THERMOCOUPLE
BEAM TEMPERATURE

POSITION RISE *C

A 15-16
8 15C IS-1

C IS-16

E 14-15
F 14

G 14

Figure 61 Kap of substrate showing posltiom of eeco
ber for AES a•alysls.
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I I III

286020
S20(24)- K(2)

i ""I

10-- II6

I-

034

-J

o_1

112

w0

StC'$ • -20124)-K (2) BEFORE AES

'- S20124)-K (2) AFTER AES

I ~PHOTOtN ENERGY leVI .

"i1 ~ Figure 62. Stabi~lity of .SPectral yield o* S20(24)-

S....K(2) unde~r eleuct~n bombaY dment.
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Data Point Event Preceding Data Point

1 K(2) Deposition

2 Heating 175WC (0:10) (Hrs:Min)

3 Heating 175'C (1:00)

4 Heating 175'C (1:00)

5 Heatinq 175'C (1:00)

6 Heating 175WC (1:15)

7 Heating 175WC (2:25)

8 Heating 175WC (2:40)

9 Heating 175°C (1:00)

10 Heating 200*C (1:00)

1 [Heating 200WC (2:55)

12 Heating 200*C (1:30)

13 Heating 240*C (0:15)

"14 Heating 240C (1:00)

15 Heating 240*C (1:00)

16 Heating 2400C (2:30)

17 Hieating 240*C (1:40)

18 Heating 240'C (3:00)

H19 eating 240*C (10:05)

Figure 64 Schedule of heating-temperatures and duration of heating
periods for S20{24)-K(2).
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A NosSb, FISHER

B No3 Sb + 0.05 EXCESS No, FISHER 29

I0

i A

PHOTON ENERGY (*V)
Figure 66 Spectral yield of Na3Sb,
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Heating Heating Period (hr:min)
Temperature Shortest Longest

100 0 C (3:45) (29:30)

150 0 C (0:10) (20:40)

175 0 C (0:10) (25:25)

200 0 C (1:00) (23:30)

240 0 C (0:15) (26:30)

"Figure 69 Variation in duration of heating periods.
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Data Point Event Preceding Data Point

1 Cs (2) -DEPOSITION

2 HEATING 150 0 C (0:30) (Hrs:Min)

3 HEATING 1500C (0:30)

4 HEATING 150'C (0:30)

5 HEATING 150'C (0:30)

6 HEATING 150*C (0:30)

7 HEATING 150*C (0:30)

8 HEATING 1500C (0:30)

9 HEATING 150WC (0:30)

10 HEATING 1500C (0:30)

11 
HEATING 150 0 C (0:30)

12 HEATING 1500C (1:00)

13 HEATING 150 0 C (1:00)

14 HEATING 150 0 C (1:00)

15 HEATING 150C (1:00)

16 HEATING 1500C (1:30)

17 HEATING 200*C (1:00)

18 HEATING 200°C (1:00)

19 HEATING 200°C (1:00)

20 HEATING 2001C (1:00)

21 HEATING 2000C (1:00)

22 HEATING 200WC (1:00)

23 HEATING 200*C (1:00)

24 HEATING 200WC (1:00)

25 HEATING 200 0C (1:00)

26 
HEATING 2000C (1:00)

27 
HEATING 200*C (2:00)

28 HEATING 200*C (17:30)

29 HEATING 240 0 C (5:00)

30 
HEATING 240WC (18:10)

Figure 71 Schedule of heating temperatures and duration of

heating periods for $20(24)-Cs(2).
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Data Point Event Preceding Data Point

A7 HEATING 2400C (19:35) (Hrs:min.)

1 K(1) DEPOSITION (1000c)

2 K(1) DEPOSITION (1000c)

3 HEATING 1000C (17:00)

4 K(1) DEPOSITION (100 0 C)

5 HEATING 100 0C (3:45)

6 K(1) DEPOSITION (1504C)

7 HEATING 1000C (10:30)

8 (I) DEPOSITION (22"C)

9 K(l) DEPOSITION (22 0 C)

10 HEATING 1004C (20:00)

11 K(i) DEPOSITION (22*C)

12 K(l) DEPOSITION (22*C)

13 HEATING 1000C (23:00)

14 K(0) DEPOSITION (22*C)

is HEATING 1004C (39030)

Figure 73 Schedule of depositions, heating temperatures, and

duration of heating periods for S20(25)-K(1).
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Data Point Event Precedinq Data Point

15 HMATING (39:30) (Hrs:Min)

1 Na(1) DEPOSITION

2 HEATING 100 0 C (1:00)

3 Na(L) DEPOSITION

4 HEATING 1000C (16:15)

5 Na(1) DEPOSITION

6 HEATING 100 0 C (19:30)

7 HEIATING( 100CC (4:10)

8 11E. AT I NG 1000C (19:35)

9 HEAT I NG ! )06 C (U5: 15)

10 llATI NC• I50"C (4"00)

11 1HEATING 1500C (16:30)

12 )IEAT i NU 175i"C (25 ,0'

t3 11 FHAT I N Q 175•*C 3 •: 00)1

14 1FlATIV; 1750C (17:40)

16 llEATIN.; 2009C (11-.'10)

17 IFhATING ?00C(" (3:00)

18 IIUAT I NG 200*C (16: 30)

19 IET I NG 2001C (6:30)
20 IIAT I K& 240 0C (1.3:00)

21 HEATING 2409C (24:45)

22 HI-'ATING 24GIC (26:301

23 HEATING 2404C (23:30)

Figure 7S 3hedule of depositions, heatinq temperatures, and
duration of heating periods for S20(25)-Na(l).
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